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ABSTRACT 

The eukaryotic signal recognition particle (SRP) receptor is a heterodimeric 
complex present on the endoplasmic reticulum (ER) membrane, and is required for the 
targeting and translocation of nascent polypeptide chains across the ER. Both SRP 
receptor subunits, SRa. and SR~, are GTP-binding proteins. The role of the SRa. subunit 
in the nascent chain targeting reaction is wen understood, but the function of the SRI3 
subunit has not been determined. 

This thesis demonstrates that a complete and functional GTP-binding domain of 
SR/3 is necessary to bind SRa, and that the integrity of the SRa-SRI3 dimer is regulated 
by the SRI3 GTPase. Further analysis of SRI3 revealed functional characteristics that are 
not shared with other GTPases. Most significantly, whereas other GTPases purify in the 
GDP-bound inactive state, SRI3 purified in the GTP-bound active state. Furthermore, SR/3 
bound specifically to ribosomes, but ribosome-binding did not influence the activity of 

SR/3' 
The recently solved structure of the SRa.-SR/3 complex from yeast allows for the 

discussion of my results from a structural perspective. The results of this work in 
combination with the published literature allow me to update the existing model for 
protein targeting and translocation in higher eukaryotes. In this new model SRI3 plays a 
greater role than previously appreciated. 
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PREFACE 
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amino-terminal domain containing hydrophobic and hydrophilic sequences binds the 
signal recognition particle receptor alpha subunit to the beta subunit on the endoplasmic 
reticulum membrane. (1995) J BioI. Chern. 270:15650-15657. 
2. Legate KR, Falcone D, Andrews DW. Nucleotide-dependent binding ofthe GTPase 
domain of the signal recognition particle receptor beta-subunit to the alpha-subunit. 
(2000) J. Bioi. Chern. 275:27439-27446. 

Data presented in Chapter 3 originally appeared in the following publication: 

3. Legate KR, Andrews DW. The f3 subunit of the SRP receptor is a novel GTP binding 
protein without intrinsic GTPase activity. (2003) J. Bioi. Chern. in press. 
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1. INTRODUCTION 

All life, from the simplest cells to the most complex organisms, consists of a 
series of chemical reactions that are concentrated and sequestered from the environment 
by biological membranes. The simplest forms of life are defined by a single cell 
membrane enclosing aU materials required for reproduction and growth. More 
complicated cells contain systems of biological membranes, defining the boundaries of 
organelles, which in tum are surrounded by an outer cell membrane to provide a 
protective barrier from the environment. 

Biological membranes display selective permeability by allowing the passage of 
distinct sets of molecules. The properties of biological membranes are largely determined 
by the proteins that reside on and within them; these proteins determine the selectivity 
and directionality of transmembrane transport. Without these proteins, biological 
membranes would be impermeable lipid bilayers, unable to accept the passage of 
hydrophilic molecules. One of the most difficult molecules to transport across a 
membrane is a polypeptide chain due to its large size and significant hydrophilic 
character. For this reason, cells have developed specific, evolutionarily-conserved 
mechanisms by which proteins are inserted into, and transported across, biological 
membranes. This process is referred to as protein translocation. 

Bacteria, for which E. coli is a model organism, possess three mechanisms for the 
transport of proteins across the plasma membrane: a post-translational pathway used for 
general secretion (the Sec pathway), a post-translational pathway for the transport of 
folded, cofactor-containing proteins (the twin-arginine translocation (Tat) pathway) and a 
pathway for the co-translational integration of proteins containing hyd:ophobic 
transmembrane sequences (the SRP pathway). Lower eukaryotes, for which S. cerevisiae 
is a model organism (hereafter referred to as yeast), have retained a post-translational 
pathway analogous to the E. coli Sec pathway, and a co-translational SRP pathway. Both 
pathways converge at the endoplasmic reticulum (ER), the organelle from which the cell 
membrane, Golgi apparatus and transport vesicles are derived. Higher eukaryotes appear 
to possess only a co-translational SRP pathway operating at the ER. 

This introduction win describe each pathway that has developed to translocate 
proteins into and across the E. coli cell membrane and eukaryotic ER, but will focus 
mainly on the most highly conserved pathway, the SRP pathway. The first section win 
introduce the protein factors involved in each pathway; the second section win outline the 
mechanistic details of the SRP pathway; the third section will provide a closer 
examination of the translocation GTPases that maintain the directionality and fidelity of 
protein translocation; and the final section will outline my studies on the beta subunit of 
the SRP receptor (SRP). a translocation GTPase. 
1.1 Protein translocation systems in higher eukaryotes: the SRP pathway 

With few exceptions (Watts et al., 1983; Zimmermann and Mollay, 1986; Klappa 
et a1.. 1994). protein translocation across the ER in higher eukaryotes occurs co-
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translationaUy (Klappa et aI., 1994). The vast majority of proteins destined for insertion 
into, and translocation across the ER membrane are distinguished from cytoplasmic 
proteins by an amino~terminal signal sequence. Signal sequences from different proteins 
demonstrate no sequence homology, but all share a hydrophobic core of at least six amino 
acids (von Heijne, 1985). A class of proteins called tail~anchor proteins do not depend on 
the presence of a signal peptide and therefore provide the exception to this rule. 
Distinguished by a carboxyl.terminal transmembrane domain, they are directed to their 
target membrane by carboxyl-terminal sequences and therefore must be targeted and 
inserted post-translationally (reviewed in (Wattenberg and Lithgow, 2001)). 

When a secretory or integral membrane protein is synthesized, one of the first 
elements to exit the ribosome is the signal sequence. When a signal sequence emerges 
from a ribosome it is recognized and bound in the cytoplasm by signal recognition 
particle (SRP) (Walter and BIobel, 1981; Walter et al., 1981; Ogg and Walter, 1995). 
SRP is an 11 S ribonucleoprotein composed of six polypeptides (named according to their 
molecular weights: SRP9, 14, 19,54,68, 72) arranged on a 300 nucleotide 7SL RNA 
scaffold (see Table 1.1) (Walter and Biobel, 1980; Walter and Biobel, 1982; Walter and 
Biobel, 1983a). Like other ribonucleoproteins, SRP is primarily assembled in the 
nucleolus; the addition of SRP54 occurs once pre-SRP exits the nucleus and enters the 
cytoplasm (Pederson and Politz, 2000; Politz et al., 2000; Ciufo and Brown, 2000). The 
incorporation ofSRP54 into SRP depends on the presence ofSRP19 (Walter and Biobel, 
1983a; Romisch et aI., 1990). The binding ofSRPl9 to SRP~RNA causes structural 
changes in the RNA that allow binding of SRP54 (K.uglstatter et al., 2002). 

SRP54 is the subunit responsible for binding signal sequences but the precise 
determinants of signal sequence recognition and binding are not clear: Mutagenesis, 
crystal structure and crosslinking studies provide conflicting results, with evidence both 
for and against signal sequence-binding by all three domains ofSRP54 (Zopf et al., 1990; 
Gowda et al., 1997; Newitt and Bernstein, 1997; Batey et at, 2000; Clevedey and 
Gierasch, 2002; Huang et al., 2002). 

Regardless of the details of signal sequence binding by SRP54, once SRP has 
recognised and bound a signal sequence it stimulates a transient pause in translation, 
mediated by the SRP9/14 subunits and SRP RNA (Chang et ai., 1997; Thomas et aI., 
1997). The ribosome-nascent chain (RNC)-SRP ternary complex is then targeted to the 
ER by an interaction between SRP and an ER-bound SRP receptor (SR) (Gilmore et at, 
1982a; Meyer et al .• 1982b; Gilmore et al., 1982b; Gilmore and Blobel, 1983). 

SR is a heterodimer consisting of an alpha subunit (SROt) and a beta subunit 
(SRI3) (Tajima et at, 1986). SROt is localized to the ER membrane through a high affinity 
interaction with SRI3, a type I integral membrane protein (Andrews et al., 1989; Young et 
at, 1995; Miller et al., 1995; Legate et at, 2000). A detailed description of the assembly 
of SR on the ER membrane is presented in Chapter 2. 

Once the RNC has become bound to the ER the ribosome is then transferred to a 
proteinaceous pore, or translocon. through which the nascent chain can traverse the 
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Table 1.1: SRP pathway components for E. coli, S. cerevisiae, and higher eukaryotes 

Higher Eukaryotes S. cerevisiae E. coli 

SRP SRP72 Srp72p 

SRP68 Srp68p 

SRP54 Srp54p Ffh 

SRP19 Sec65p 

SRP14 Srp14p 

SRP9 Srp9p 

SRPRNA* SRP RNA (scRt) 4.58 RNA 

Srp21p 

SRP Receptor SRu SrplOlp FtsY 

SR(3 8rp102p 

Translocon Sec61u 8ec61p/Sshlp SecY 

Sec61 (3 Sbhlp/Sbh2p 

Sec61y Ssslp SecE 

BiP Kar2p 

(Sec63p) 

SecG 

YidC 

*originally 7SL RNA 

3 



Ph.D. Thesis - K.R Legate McMaster: Biochemistry 

membrane. The environment of this pore ensures that the nascent chain remains exposed 
to aqueous solvent throughout its passage across the membrane (Simon and BIobe!, 1991; 
Crowley et aI., 1993; Crowley et aI., 1(94). This pore is primarily composed of a multi
protein complex caIled the Sec61 complex. In addition to the Sec61 complex, some of the 
proteins that are associated with the translocon are TRAM (Godich et ai., 1992a), the 
TRAP complex, oligosaccharyltransferase (Wang and Dobberstein, 1999), signal 
peptidase (KaIies et aI., 1998), and the lumenal chaperone BiP (Hamman et aI., 1998). 

The minimal components of a fimctional translocon in vitro are the heterotrimeric 
Sec61 complex, consisting ofSec61or., f3 and y (Gorlich and Rapoport, 1993; Hartmann et 
aI., 1994). Sec61 or. is a multi spanning membrane protein that binds the ribosome and 
contacts the nascent chain as it traverses the membrane (High et al., 1991; Gorlich et ai., 
1992b; High et at, 1993a; High et aI., 1993b; Kalies et aI., 1994; Nicchitta et ai., 1995; 
Laird and High, 1997; Raden et al., 2000). Nascent membrane proteins and some secreted 
proteins have also been crosslinked to another transmembrane protein called TRAM that 
may have a role in discriminating hydrophobic sequences in transmembrane domains 
from those in secretory signal sequences (High et aI., 1993b; Do et aI., 1996). TRAM may 
assist in the partitioning of transmembrane segments into the lipid"bilayer, particularly if 
the transmembrane segment is not sufficiently hydrophobic to spontaneously equilibrate 
into the bilayer (Do et aI., 1996; Heinrich et aI., 2000). 

Studies based on electron microscopy revealed that Sec61 or. forms the bulk of the 
central pore of the engaged translocation complex (Menetret et al., 2000). Purified 
reconstituted Sec61 complexes are arranged as oligomers containing 3-4 copies of the 
trimeric complex, in a pentagonal configuration (Hanein et aI., 1996). The central pore of 
these oligomers has been measured at -20 A across but may increase to 40-60 A across 
during a translocation event, demonstrating that the architecture of the complex may be 
significantly influenced by the ribosome (Hamman et ai., 1997). 

Sec61f3 and y were identified as subunits of the Sec61 complex because they 
fractionate biochemically with Sec61 a after solubilization in non-ionic detergent (Gorlich 
and Rapoport, 1993). Crosslinks between Sec61f3 and Sec61 or. have been observed, 
suggesting that these subunits are tightly associated (Kalies et aI., 1998; Meyer et aI., 
2000). Sec61 f3 may have a regulatory role in the recruitment of peripheral components 
and gating of the translocon (Kalies et aI., 1998). Sec61f3 is indispensable at physiologic 
temperature, as biochemical removal of this component has been sho'\\'ll to abrogate 
translocation activity in a system reconstituted from detergent extract. Slowing do'\\'ll the 
ribosome-binding step by chilling the reaction to O°C partially restores translocation, 
suggesting that Sec61f3 is involved in, but not essential for, the translocation process, 
possibly by recruiting signal peptidase to the translocon (Kalies et at, 1998). Recently a 
fluorescent approach as used to provide evidence that Sec61 f3 may fimction as a guanine 
nucleotide release factor (GRF) for SRf3 (Helmers et aI., 2003). Data on the Sec61y 
subunit are lacking and any insight into its role in translocation is purely speculative at 
this time. 

4 
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Recent biochemical fractionation and crosslinking experiments have identified 
two additional proteins, Sec62 and Sec63, that associate with translocons in the absence 
of bound ribosomes (Meyer et al., 2000). These proteins are homologous to the yeast 
proteins Sec62p and Sec63p, both of which are involved in post-translational 
translocation (see below). Since mammalian ER does not appear to support a post
translational translocation pathway to a significant extent, the purpose for these proteins 
in the mammalian system cannot be predicted based on their function in yeast. Although a 
requirement for Sec63p in SRP-dependent translocation has been suggested in yeast 
(Young et at, 2001) the inability to isolate Sec63-containing complexes in the presence 
of bound ribosomes suggests that both mammalian Sec62 and Sec63 are not likely to be 
involved in SRP-mediated protein translocation in mammals. Based on mutational 
analysis in yeas4 these proteins may form part of the pore involved in ER-assisted protein 
degradation, a pathway used to extrude substrates from the ER lumen for degradation in 
the cytoplasm via the ubiquitin pathway (plemper et al., 1997). 
1.2 Protem translocation systems in S. cerevisme 
1.2.1 Post-translational translocation 

In yeast many secretory precursors are translocated across the ER membrane in a 
post-translational fashion. Translocation precursors maintain translocation-competence by 
binding to cytoplasmic chaperones prior to ER targeting (Deshaies et al., 1988; Chirico et 
al., 1988; Plath and Rapoport, 2000). The pore involved in post-translational translocation 
consists ofSec61p, Sbhlp and Ssslp, homologues ofSec61a. f3 and y, respectively (see 
Table 1.1) (Gorlich et al., 1992b; Hartmann et al., 1994; Panzner et aI., 1995) as well as 
the tetrameric Sec62-Sec63 complex, which also contains Sec71 p and Sec72p and the 
lumenal chaperone Kar2p (BiP) (Deshaies et a1., 1991; Panzner et al., 1995). In the 
absence of A TP, secretory precursors can be targeted to the ER and can crosslink to 
Sec62p, Sec71 p and Sec72p, implying that these proteins may serve as members of a 
secretory precursor recognition complex (Musch et al., 1992; Lyman and Schekman, 
1997). In the presence of ATP, the secretory precursor is transferred to the translocon, 
where it can crosslink to Sec61 p (Musch et aI., 1992; Sanders et aI., 1992). The transfer 
of the secretory precursor to Sec61 p, and subsequent completion of translocation, 
depends on localization of Kar2p to the translocon via binding to Sec63p (Sanders et at, 
1992; Lyman and Schekman, 1995; Lyman and Schekman, 1997), as wen as the other ER 
lumenal chaperones Lhs1p and SHIp (Craven et al., 1996; Tyson and Stirling, 2000). 
1.2.2 Co-translational translocation: the SRP pathway 

While many secretory precursors can be translocated across the ER membrane 
once they have completed synthesis, a post-translational mode of translocation for 
transmembrane proteins and secretory proteins with large hydrophobic domains is 
inefficient. Moreover, accumulation of these proteins in the cytoplasm, due to their low 
solubility in aqueous solutions, is toxic. The co-translational SRP-mediated pathway is 
used to accommodate these substrates that are recognized based on the hydrophobicity of 
the signal peptide. In general, proteins with more hydrophobic signal sequences are 
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translocated via the SRP pathway whereas proteins with less hydrophobic signal 
sequences are translocated post-translationally (NO et at, 1996). 

Yeast SRP contains orthologues to all six mammalian SRP protein subunits and 
the RNA scaffold, plus an additional 21 kDa polypeptide that is not found in mammalian 
SRP (see Table 1.1) (Hann et al., 1989; Hann and Walter, 1991; Stirling and Hewitt, 
1992; Brown et al., 1994). Furthermore, orthologues of both subunits of mamma Han SR 
have been identified in yeast (Ogg et aI., 1992; Ogg et at, 1998). 

The core translocon used for co-translational translocation consists of Sec61 p, 
Sbhlp and Ssslp. Sec61p, like the mammalian orthologue, binds ribosomes with high 
affinity (Beckmann et aI., 1997; Prinz et al., 2000a; Morrow and Brodsky, 2001). 
Furthermore, electron microscopy ofribosome-Sec61p complexes revealed that the 
nascent-chain exit tunnel within the ribosome aligns with the central pore ofSec61p, 
implying that SectS 1 p serves as the channel through which the nascent chain spans the 
membrane (Beckmann et aI., 1997). 

A combination of biochemical and genetic approaches identified a second 
translocon consisting ofSshlp (a homologue ofSec61p), Sbh2p (a homologue ofSbhlp) 
and Ssslp (Finke et al., 1996). This complex binds tightly to ribosomes in vitro (Prinz et 
al., 2000a) but plays a minor role to Sec61p in determining the total ribosome-binding 
capacity of yeast ER (Prinz et al., 2000b). Unlike the Sec61p complex the Sshlp complex 
is believed to be dedicated to co-translational translocation since it does not associate 
with the Sec62-Sec63 complex (Finke et al., 1996; Wittke et aI., 1999), and cannot 
complement a Asec61 mutant. Further evidence that the Ssh1p complex is involved in 
SRP-mediated translocation comes from the observation that a Asshl mutation is 
synthetically lethal when combined with a sec(i5"::f mutation, affecting a subunit of SRP 
(Wilkinson et al., 2001). Finally, deletion of Sshl results in deficiencies in protein 
translocation that can be suppressed by slowing the rate of translation, indicating that the 
Ssh 1 p complex helps to determine the total translocation capacity of the yeast ER 
membrane (Wilkinson et al., 200 1 ). 
1.3 Protein translocation systems in E. coli 

E. coli possess a single cell membrane where all protein translocation pathways 
converge. To accommodate the wide variety of protein substrates that must be integrated 
into the membrane or translocated into the periplasmic space. three translocation 
pathways have evolved: 
1.3.1 Post-translational translocation: the twin-arginine translocation (Tat) pathway 

Protein substrates that fold and bind cofactor molecules in the cytoplasm must be 
translocated across the inner membrane in a folded state. A specific translocation 
apparatus has been identified that can translocate folded substrates in a Sec-independent 
manner (reviewed in Yen et al., 2002). Called the twin arginine translocation pathway, or 
Tat pathway, after a pair of arginine residues in the targeting sequence (Stanley et al., 
2000), it appears to be functionally analogous to the ApH-driven system in chloroplasts 
and peroxisomes (Robinson and Bolhuis, 2001). Although five Tat proteins have been 
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identified in E. coli three of these--TatA, TatS and TatC--are sufficient to reconstitute the 
Tat system in vitro (Yam and Wickner, 2001). Furthermore, the in vitro system confirms 
that E. coli Tat, like the chloroplast and peroxisome .1.pH-driven system, requires a 
membrane potential for activity (Yam and Wickner, 2001). 
1.3.2 Post-translational translocation: the Sec pathway 

Periplasmic proteins and many outer membrane proteins are translocated across 
the inner cell membrane by the post-translational Sec pathway (Qi and Bernstein, 1999; 
Qi et al., 2002). This pathway can be reconstituted in vitro with four proteins (SecA, 
SeeB, Sec Y, SecE), and A TP (Brundage et al., 1990). SecB is a cytoplasmic chaperone 
that maintains translocation competence by binding to large domains of secretory 
precursors in an ATP-independent manner (Kumamoto, 1991; Topping and Randall, 
1997). This complex is targeted to the membrane by a high affinity interaction between 
SecS and membrane-bound SecA, which is localized to the translocon (Hartl et al., 
1990). SecA also binds the signal sequence and mature portions of the secretory precursor 
(Lill et al., 1990). Once translocation is initiated SecB dissociates and returns to the 
cytoplasm (Fekkes et al., 1997). Translocation is initiated by ATP-dependent 
conformational changes within SecA that physically drive the amino terminus of the 
preprotein across the membrane (Schiebel et al., 1991; Economou and Wickner, 1994; 
Economou et al., 1995). Once the amino terminus has spanned the membrane, the 
membrane potential (AflH+) is sufficient to achieve translocation of the remainder of the 
secretory protein (Schiebel et aI., 1991). 

The translocon consists of the See YEG complex, with Sec Y showing homology to 
Sec61a1Sec61p and SecE showing homology to Sec61y/Sssip (see Table 1.1) (Gorlich et 
al., 1992b; Hartmann et aI., 1994)."2ecG shows no sequence homology to translocon 
components in either yeast or mammaIs; its role appears to be to facilitate the membrane 
insertionldeinsertion of SecA (Matsumoto et aI., 1998; Suzuki et aI., 1998). SecG is a 
non-essential protein. A genetic deletion of SecG resulted in a modest translocation defect 
in vivo, in several different strains of E. coli (Flower et aI., 2000). In vivo, deletion of 
SecG was compensated for by overexpression of the Sec YE complex (Duong and 
Wickner, 1997). 

SecE is an essential protein (Schatz et at, 1989). Depletion of SecE leads to a 
severe translocation defect in vivo (Traxler and Murphy, 1996), although the efficient 
translocation of a subset of secretory and membrane proteins using SecE-depleted 
vesicles in vitro has been reported (Yang et al., 1997; Cristobal et aI., 1999). Depletion of 
SecE or overexpression of Sec Y in E. coli leads to rapid degradation of Sec Y by the 
protease FtsH (Kihara et aI" 1995; Akiyama et aI., 1996). Simultaneous overexpression of 
SecE and SecY completely protects SecY from protease digestion (Taura et al., 1993). 
Therefore, one function of SecE may be to stabilize Sec Y in the E. coli inner membrane. 

The structural arrangement of the bacterial translocation pore is controversial. 
Electron microscopic studies of purified Sec YE revealed a quasi-pentagonal arrangement 
of 3-4 dimers that resembled the eukaryotic complex (Meyer et at, 1999). However, 
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electron microscopy of purified Sec YEG clearly showed a dimeric arrangement of 
Sec YEG complexes (Breyton et al., 2002). Other data suggested that addition of SecA 
assembles Sec YEG into a tetrameric arrangement resembling the eukaryotic translocation 
pore in both shape and size (Manting et al., 2000). 

Biochemical approaches have not clarified the nature of the oligomeric state of 
active SecYEG. A crosslinking approach employing epitope-tagged versions ofSecE and 
Sec Y in a solubilized reconstituted system of Sec YEG suggested that the pore operates as 
a monomer (Yam and Wickner, 2000). Upon reconstituting translocation pores 
containing equal amounts of tagged and untagged subunits the authors were unable to 
detect crosslink products that would suggest an oligomeric arrangement. However, their 
data cannot rule out the possibility that crosslinks between subunits of the Sec YEG trimer 
were favoured over crosslinks to neighbouring trimeric complexes. Also, the 
immunoprecipitation conditions that were used to detect a physicaI interaction between a 
proOmpA secretory precursor polypeptide and components of the translocation pore may 
have resulted in the disassembly of multimeric complexes while maintaining the 
interaction of proOmpA with one of the Sec YEG trimers. In this case mixed complexes 
of tagged and untagged Sec YEG might not be detected, leading to the conclusion that 
Sec YEG functions as a monomer. 

A more recent crosslinking and blue native PAGE approach demonstrated that 
Sec YEG is a dynamic structure, with 1-4 copies associating with one another 
(Bessonneau et al., 2002). Using a secretory precursor that became arrested in 
translocation it was shown that preproteins were trapped by dimers of Sec YEG or Sec YE, 
providing the best biochemical evidence to date that Sec YEG functions as a dimer. 
1.3.3 Co-translational translocation:l1e SRP pathway 

Multi-spanning membrane proteins, by virtue of the high degree of hydrophobicity 
of the transmembrane segments, are only efficiently translocated into the bacterial inner 
membrane concomitant with translation. For this reason bacteria retain a SRP pathway 
that functions in much the same way as the eukaryotic SRP pathway. However, E. coli 
have a simplified SRP, consisting ofa homologue ofSRP54, called Ffh (fifty-four 
homologue) and 4.5S RNA (Romisch et al., 1989; Bernstein et al., 1989; rubes et at, 
1990; Poritz et aI., 1990). E. coli SRP, like the eukaryotic counterpart, binds signal 
sequences of nascent presecretory chains as they emerge from the ribosome (Luirink et 
aI., 1992). The requirements for signal sequence recognition are determined by the 
hydrophobicity and alpha helical character of the signal sequence. Decreasing either the 
hydrophobicity or alpha helical character decreases the reliance on the SRP pathway and 
increases the probability that the preprotein will be translocated by the post-translational 
Sec pathway (Lee and Bernstein, 2001; Adams et aI., 2002). Once Ffh binds the signal 
peptide, the ribosome-nascent chain-Ffh complex binds to the E. coli SRP receptor. 

In E. coli the SRP receptor differs from the eukaryotic counterpart in two ways. 
First. it is a single polypeptide, called FtsY, bearing functional homology to SROt (Table 
1.1XLuirink et aI., 1994). Second, FtsY is a peripheral membrane protein that is equally 
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distributed between the cytoplasm and the plasma membrane (Luirink et aI., 1994). The 
gene for Fts Y was isolated using a genetic screen to identify genes involved in cell 
division (Gill et aI., 1986). Consistent with a role in cell division the gene for FtsY is 
located in an operon containing two other genes implicated in cell division. A direct role 
for Fts Y in cen division has not been forthcoming and it is now widely thought that the 
cell division defect associated with inactivation of Fts Y is an indirect result of its role in 
protein targeting. 

Assembly of Fts Y onto the E. coli plasma membrane occurs independently of any 
established targeting pathway. Instead, Fts Y binds to the cell membrane through a direct 
interaction with phospholipids (Millman et al., 2001). The lipid binding domain has been 
mapped to the amino-terminus of Fts Y and is composed of a region rich in acidic amino 
acids (the A region) and a small independently folded domain (the N region)(Millman 
and Andrews, 1999). Recently, the membrane binding domain of Fts Y was shown to bind 
specifically to phosphatidylethanolamine, a major component of the E. coli inner 
membrane(Millman et al., 2001). However, experiments with phosphatidylethanolamine
depleted strains of E. coli suggest that Fts Y also binds to a trypsin sensitive component 
on the inner membrane (Millman et aI., 2001). The identity and characteristics ofthls 
component are unknown at this time. 

Since a significant proportion of Fts Y is found in the cytoplasm, it is not clear 
whether Fth binds to FtsY while they are both in the cytoplasm, or ifFth binds to 
membrane-bound FtsY. Both proteins can functionally interact with each other in the 
absence of membranes (Miller et aI., 1994), demonstrating that the structural changes that 
occur within FtsYupon membrane binding (De Leeuwet al., 2000; Millman et al., 2001) 
are not required for Ffh .. FtsY complex formation. Since E. coli has only one distinct 
membrane system there is no requirement for a membrane-bound SR to distinguish the 
correct membrane for protein targeting. Therefore, the order of the Ffh-Fts Y binding step 
and the membrane targeting step may not be important in bacteria. 

Cotranslational substrates use the Sec YEG translocon to traverse the plasma 
membrane. A genetic screen for mutants deficient in membrane protein assembly 
revealed that SecA is also required for the translocation of an SRP-dependent substrate in 
vivo (Tian et al., 2000). In vitro a subset of SRP-dependent proteins appear to require 
SecA to translocate large periplasmic domains across the membrane 01 alent et aI., 1998; 
Qi and Bernstein, 1999; Neumann-HaefeHn et al., 2000). 

The integration of membrane proteins into the lipid bilayer involves the 
participation of a translocon-associated protein called Vide. During the translocation of 
inner membrane proteins Vide is in close proximity to transmembrane segments at the 
lipid-protein boundary, suggesting that Vide functions during the lateral transfer step of 
transmembrane segments from the translocon to the lipid bilayer (Beck et ai., 2001; 
Urbanus et al., 2001). Furthermore, depletion ofYide causes a defect in membrane 
protein assembly, with only a minor effect on secretory protein translocation (Samuelson 
et al., 2000). Although there are no ER-associated homologues to Vide (see Table 1.1), 
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there is significant homology. however, between YidC and the mitochondrial protein 
translocation protein Oxal p (Scotti et aI., 2000). 
1.4 The mechanism of SRP~mediated protein targeting and nascent-chain transfer to 
the translocon 
1.4.1 Eukruyotes 

The process of co-translational protein translocation can be divided into three 
stages: 1) targeting of secretory precursors to the ER membrane, 2) transfer of the RNC to 
the translocon, and 3) translocation of the nascent chain across the membrane (Figure 
1.1). To ensure that translocation is a unidirectional process, the coordinated action of 
three GTPases is required: The 54 kDa subunit ofSRP (SRP54), SRot and SR~. SRP54 
and SRot define a unique family of GTPases called SRP GTPases, and SR~ is a member 
of the Ras superfamily of small molecular weight GTPases (see Section 1.5). GTPases 
function as 'switches' to allow molecular events to occur in a temporally discrete and 
regulated fashion (Vetter and Wittinghofer, 2001). 

The involvement of the first GTPase, SRP54, occurs during signal sequence 
recognition. When SRP is not engaged in targeting. SRP54 displays low affinity for GTP, 
and is likely empty (Miller et al., 1993). Upon recognition of the signal sequence by SRP, 
the affinity of BRP54 for GTP is moderately increased, but the active site is not in a 
'locked' conformation since bound GTP remains exchangeable with cytoplasmic GTP 
(Bacher et ai., 1996; Rapiejko and Gilmore, 1997). The SRP-nascent chain complex is 
targeted to the membrane via the affinity of SRP for its receptor. BRa also readily 
exchanges bound GTP for free GTP and is probably empty when it is not engaged in 
targeting(Rapiejko and Gilmore, 1997). Once SRP54 contacts SRot the affInity of both 
molecules for GTP greatly increases such that bound GTP can no longer exchange with 
solution GTP, and both proteins become tightly bound to each other (Connolly et al., 
1991; Connolly and Gilmore, 1993; Rapiejko and Gilmore, 1997). In vitro the half life of 
this interaction is >6 hours, therefore this step alone is sufficient to make targeting 
unidirectional (Rapiejko and Gilmore. 1992). Coincubation of SRP54 and SRot in vitro 
stimulates hydrolysis of GTP by both proteins, demonstrating that these proteins also 
function as reciprocal GTPase activating proteins (GAPs) (Miller et al., 1993; Connolly 
and Gilmore, 1993). GTP hydrolysis releases SRP54 from SRa, allowing SRP to return 
to the cytoplasm (Connolly et al., 1991). The presence of a nascent chain bound to SRP54 
inhibits the GTPase activity of both proteins (Miller et al., 1993). 

Once tethered to the ER via a physical interaction between SRP54 and SRot, the 
ribosome must then be transferred to the translocon. However, a direct interaction 
between SR and the translocon has not been unambiguously demonstrated. Using a split 
ubiquitin technique whereby the amino-terminal half of ubiquitin was fused to both yeast 
Sec61 p and its homologue Ssh 1 p and the carboxyl-terminal half of ubiquitin was fused to 
SRJ3. Wittke et al. demonstrated that SRJ3 was in close proximity to both Sec61 ot 
homologues in vivo (Wittke et aI., 2002). The close proximity was detected by 
reconstitution ofbatn halves of ubi quit in, and the subsequent release and degradation of a 
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1 . Targeting 2. Nascent chain 
transfer 

McMaster: Biochemistry 

3. Translocation 

Figure 1.1: A simplified model of SRP-mediated protein translocation. A schematic 
diagram of protein translocation, illustrating the three main stages: ribosome-nascent 
chain targeting to the ERIE. coli plasma membrane, transfer of the ribosome-nascent 
chain to the translocon, and nascent chain translocation. An components are not displayed 
to scale. Abbreviations are as follows: RNC, ribosome-nascent chain; SRP, signal 
recognition particle; SR, SRP receptor; Sec, Sec61/SecYEG complex, translocon. 
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reporter protein from the carboxyl-terminus of the reconstituted ubiquitin (Johnsson and 
Varshavsky. 1994). However, since SR~ contains an amino-terminal transmembrane 
domain it must insert into the ER via the translocon. Degradation of the reporter protein 
may be detected if reconstitution of ubiquitin was allowed to precede the release of SRj3 
from the translocon; therefore this observation could lead to the erroneous conclusion that 
SRI3 remained in close proximity to the translocon following its synthesis. 

The group of Dobberstein and colleagues have presented data that they claim 
provides evidence that SRI3 controls the transfer of the RNC to Sec61. By using a 
modified version of SRI3 that recognised the purine biosynthesis intermediate xanthosine 
triphosphate (XTP) this group detected the transfer of nascent chains from SRP to the 
translocon when they included the non-hydrolyzable XTP analogue XMPPNP in their 
assay, but no transfer was observed in the presence ofXDP (Fulga et aI., 2001). This 
group also detected a crosslink between SRj3 and a ribosomal protein in the absence of 
nucleotide or in the presence ofGDP, but not in the presence ofGTP. From these data 
they concluded that the binding ofGTP to SRI3 regulates the transfer of the RNC from SR 
to the translocon. Data will be presented in this thesis that exposes serious flaws in their 
interpretation of the data, and therefore their conclusions regarding the role ofSR~ in the 
nascent chain transfer step. To date the precise steps governing the transfer of the nascent 
chain to the translocon remain unresolved. 

The Sec61 complex itself appears to govern the release of the nascent chain from 
SRP. Using a combination ofproreolysis approaches and partial reconstitution of 
translocation pathway components Song and colleagues discovered that the nascent chain 
remained bound to SRPISR in the absence of Sec61 (Song et aI., 2000). This data 
supports the notion that in the absence of available translocons, targeted RNCs can 
remain bound to the membrane as a post-targeting intermediate. Once targeting was 
achieved, digestion of SRa by proteolysis did not release RNCs from the membrane, 
demonstrating that the post-targeting intermediate does not involve a series of protein
protein interactions consisting ofRNC-SRP-SRa-SRj3 (Murphy, ill et aI., 1997). There 
are no clear candidates for the post-targeting RNC receptor at this time. 
1.4.2 E. coli 

The bacterial SRP pathway is similar to the eukaryotic SRP pathway in many 
respects. In E. coli, the steps controlling targeting and nascent chain transfer to the 
translocon also involve the concerted action of GTPases. Since E. coli lack a homologue 
for the mammalian SR~, there are only two GTPases involved in translocation: Fili 
(SRP54) and FtsY (SRa). 

It was demonstrated in vitro that Fili and Fts Y, like their eukaryotic counterparts, 
bind and hydrolyze GTP as reciprocal GAPs, and that this activity is inhibited by 
synthetic signal peptides (Miller et al., 1994; Powers and Walter, 1995). However, there 
are two important differences between the prokaryotic and eukaryotic SRP pathway 
mechanisms with respect to SR. The first difference concerns the initial targeting step. It 
is not known whether binding of Ffh to Fts Y occurs in the cytoplasm, followed by 
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targeting of the RNC-Ffh-FtsY complex to the plasma membrane or, like the eukaryotic 
SRP pathway, the high affmity interaction between Ffh and FtsY occurs at the membrane. 
The second difference became apparent when gel filtration chromotography was used to 
study the membrane binding characteristics of E. coli Fts Y. It was discovered that some 
Fts Y molecules underwent a proteolytic cleavage event between the membrane binding 
AN domain and the catalytic G domain when Fts Y was bound to inverted vesicles 
(Millman and Andrews, 1999). Binding of Fts Y to inverted vesicles was shown to cause a 
conformational change within Fts Y that exposed the protease-sensitive site (Millman et 
at, 2001). It is not known whether cleavage ofFtsY is coupled to targeting ofRNCs to 
the membrane, transfer of nascent polypeptides to the translocon, or whether it occurs 
independent of these processes. The identity of the protease that cleaves Fts Y is also 
unknown, although it is almost certain to be a component of the bacterial inner membrane 
(Millman and Andrews, 1999). The fact that cleavage of Fts Y was also detected in 
Western blots of exponentially growing cultures demonstrated that it is a genuine 
biological event (Millman and Andrews, 1999). 

If the cleavage event is coupled to translocation, the GTP binding site may in part 
regulate an additional conformational change in Fts Y to facilitate access to the protease. 
Fluorescence measurements using a tryptophan residue within the effector region of the G 
domain revealed significant structural changes within the FtsY GTPase upon binding Ffh 
and GTP (Jagath et aI., 2000). Such a structural change may present the cleavage site to 
the protease. Cleavage of FtsY upon binding Ffb/GTP would serve to make targeting 
unidirectional at the expense of destroying FtsY. 
1.5 Characterization of translocation GTPase family members 

SRalFtsYand SRP54IFth define their own family ofSRP GTPases. In contrast,;. 
SRP belongs to the Ras superfamily of small molecular weight GTPases. 
1.5,1 SRP-type GIPases 

The SRP-type GTPases are distinguished from other types of GTPases in three 
ways. First, they demonstrate unusual stability in the empty state. GTPases are usually 
bound to either GTP or GDP; the empty state is transient and is stabilized by an 
interaction with a guanine nucleotide exchange protein (Boguski and McCormick, 1993; 
Sprang, 1997). Biochemical data suggest that both SRP54 and SRa can freely exchange 
nucleotide in solution, and switch to the activated GTP-bound forms once they bind each 
other (Rapiejko and Gilmore, 1997). The fact that several bacterial SRP GTPases have 
been crystalized in the apo-form bears testament to their stability in the absence of 
nucleotide (Freymann et aI., 1997; Montoya et al., 1997; Montoya et aI., 2000). 

There is a wealth of structural data from bacterial orthologues that explains why 
these GTPases are stable in the absence of bound nucleotide. (Freymann et al., 1997). In 
both Ffh and FtsY structures the key nucleotide-binding side chains are either displaced 
relative to the corresponding side chains in the Ras structure, or are sequestered by a 
network of side chain interactions, preventing collapse of the structure and necessitating 
significant reorientation of the side chains to facilitate GTP-binding (Freymann et at, 
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1997). An insertion between the Gland G2 consensus regions, called the I box, has also 
been predicted to contribute to the stability of the empty state (Montoya et al., 1997). The 
structure of T aquaticus Fili bound to the non-hydrolysable GTP analogue GMPPNP 
revealed that the nucleotide is kinked to exclude the j3-phosphate from the binding pocket 
(Padmanabhan and Freymann, 2001), suggesting that Fili is unable to bind GTP in a 
manner similar to other GTPases unless the binding pocket undergoes restructuring. 
Reorganization of the active site could result from an interaction between Fili and FtsY, 
either through the I box or through the N domain, a unique amino terminal domain in 
these GTPases (Freymann et al., 1997; Montoya et al., 1997). 

Sequence comparisons between SRP-type GTPases and other GTPases revealed 
the second difference that sets SRP-type GTPases apart from other GTPases. A search of 
the protein database revealed three consensus sequence elements specific to the GTPase 
superfamily (Table 1.2). SRP-type GTPases diverge from the consensus by containing a 
threonine in place of a conserved asparagine in the third consensus sequence (Table 1.2), 
a distinction that has not been noted previously. In Ras the aspargine hydrogen bonds to 
the guanine ring to aid in the recognition of the nucleotide (pai et al., 1990). The 
threonine found in SRP-type GTPases likely serves a similar purpose since substitution of 
the threonine with asparagine in FtsY decreased GTP-binding (Kusters et al., 1995). The 
consensus sequence elements are separated by 40-80 amino acids of non-conserved 
sequence (Dever et al., 1987). The I box disrupts the spacing between the conserved 
sequence elements, further defining the SRP-type GTPases as a distinct family. 

The third difference between the SRP-type GTPases and other GTPases is their 
ability to act as reciprocal GAPs. Alone, Ffh has a low basal GTPase activity, and 
hydrolysis arising from Fts Y cannot be detected; however, when they are comBined G'n~ 
hydrolysis increases dramatically (Miller et al., 1994). By modifying FtsY to bind and 
hydrolyse XTP it was discovered that nucleotide hydrolysis was only detected in the 
presence of FtsY, Ffh, GTP and XTP, thereby demonstrating that the nucleotide-bound 
forms of both proteins were required for costimulation ofGTPase activity (Powers and 
Walter, 1995). A dramatic increase in GTP hydrolysis was also observed during 
coincubation of mammalian SR and either SRP or isolated SRP54/SRP RNA (Miller et 
al .• 1993; Connolly and Gilmore, 1993). 
1.5.2 Ras-type GTPases 

SRj3 is the only Ras-type GTPase involved in the SRP pathway_ It conforms to the 
consensus sequences assigned by Dever (Dever et aI., 1987) and displays the appropriate 
spacing between the sequence elements (Miller et al., 1995). Furthermore, the recently 
solved structure of yeast SRj3 bears a close resemblance to Ras-type GTPases (Schwartz 
and Blobel, 2003). Consistent with the properties of other Ras-type GTPases SRj3 is most 
stable when bound to nucleotide (see Chapter 3) (Schwartz and Biobel, 2003). The 
experimentally determined affinity of SRj3 for GTP spans a wide range, from 1 ~M for 
the detergent solubilized SR (Miner et aI., 1995), to 20 nM for SR reconstituted into 
phospholipid vesicles (Bacher et al., 1999). The affinity of SRj3 for GTP has not been 
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Table 1.2: G-box sequence homology among Ras-type and SRP-type GTPases 

G-l G-2 G-3 

Consensus sequence GXXXXGK DXXG NKXD 

RatRas GAGGVGK DTAG NKCD 

Human Arf-l GLDAAGK DVGG NKQD 

Murine Sar-l GLDNAGK DLGG NKID 

Ras Gsa GAGESGK DVGG NKQD 

Canine SR~ GLCDSGK DLPG NKQD 

HumanSRa GVNGVGK DTAG TKFD 

HumanSRP54 GLQGSGK DTSG TKLD 

determined in the absence of SRa so it is not known whether SRa influences the affinity 
ofSR~ for GTP. Compared to other Ras-type GTPases, the properties ofSR~ have 
remained relatively unexplored. 
1.6 Project objectives 

The original focus of this project was to study the assembly of the SRP receptor. 
To explore the unusually strong interaction between SRa and SR~, the SR~-binding 
domain of SRa was delineated through deletion mutation analysis. This approach 
identified an amino-terminal domain called SRX2 as the SRP-binding domain of SRa 
(Y OWlg et al., 1995). My first objective was to use a complementary approach to identify 
the sequences in SRP required for binding SRa. I extended this mutational analysis to 
include an analysis of the assembly of SRP in the ER membrane. Furthermore, a series of 
amino acid substitutions within the SRP GTP-binding pocket were used to study a 
putative role for the SR~ GTPase in regulating the assembly of the SRP receptor. This 
data is presented in Chapter 2. My second objective was to study the properties of the 
SRP GTPase in the absence of SRa, to provide some data on this poorly understood 
member ofthe Ras-family of GTPases. To this end I expressed a soluble version of SRP 
from E. coli, purified it, and compared its properties with those of a GTPase point mutant. 
This data is presented in Chapter 3. Interpretation of this data has allowed me to 
contribute insight into the role of SR~ in the RNC targeting and nascent chain transfer 
steps at the ER membrane. 
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2. MEMBRANE TOPOLOGY OF SRj3, AND CHARACTERIZATION OF THE 
SRa~SRj3 INTERACTION 

2.1 Introduction 
SRP receptor (SR), or docking protein, was originally purified in 1982 as the 

membrane-bound component responsible for releasing SRP-mediated translation arrest 
(Meyer et aI., 1982a; Gilmore et aI., 1982b). Partial purification of proteins from 
solubilized ER membranes on a SRP-affinity column yielded an arrest-releasing activity 
that co fractionated with a 72 kDa protein on sucrose density gradients. A 30 kDa 
contaminating protein did not fractionate exactly with arrest releasing activity so it was 
excluded as a component ofSR (Gilmore et al., 1982b). Based on this data and on the 
amino acid sequence of the encoded polypeptide SR was considered to be a single 
protein, anchored to the ER membrane by amino-terminal hydrophobic sequences 
(Gilmore et aI., 1982b; Lauffer et aL, 1985; Hortsch et aI., 1985). Further research 
discovered that SR assembled onto membranes in a SRP-independent manner, as 
membrane association could be achieved post-translationally and in the absence of 
nucleotides (Andrews et aI., 1989). Furthermore, SR assembled onto trypsin-treated ER 
membranes could be extracted by washing the membranes with urea, demonstrating that 
direct insertion ofSR into the lipid bilayer is unlikely (Andrews et aI., 1989). This data 
pointed to the likelyhood that SR assembles onto membranes via an interaction with 
another protein. 

When an antibody was generated against the 72 kDa SR protein and used to purify 
SR a 30 kDa protein was also purified that bound tightly to the 72 kDa protein and 
cofractionated with it on sucrose density gradients. Since the two proteins were found in 
the same cellular compartment, bound tightly to each other throughout purification, and 
were present in roughly equimolar amounts on the ER membrane (the 30 kDa protein was 
present in 10% molar excess over the 72 kDa protein). the evidence suggested that SR is 
composed of two subunits: SRa (72 kDa) and SRj3 (30 kDa) (Tajima et aI., 1986). 
Furthermore, two proteins of 30 kDa molecular weight copurified with SRa on a SRP
affinity column: SRI3 and a second polypeptide with no demonstrated role in translocation 
(Tajima et aI., 1986). This explained the earlier finding that the 30 kDa protein noticed by 
Gilmore et aI. did not fractionate exactly with translation arrest releasing activity on 
sucrose gradients (Gilmore et aI., 1982b). 

The amino acid sequence of SR(3 suggests that it is a type I integral membrane 
protein with homology to Ras-type GTPases (Miller et aI., 1995). The transmembrane 
character was confirmed by the discovery that SRI3 partitioned from membranes into the 
detergent phase upon extraction with the non-ionic detergent Triton X-114 (Young et aI., 
1995; Miller et at, 1995). Initial interpretation ofthls data was confused by the 
observation that SRa-SRI3 dimers partitioned into the aqueous phase; however, removal 
of the large soluble domain of SRa by mild digestion with trypsin moved SRI3 into the 
detergent phase, as expected for an integral membrane protein (Bordier, 1981 ; Young et 
ai., 1995). Genetic studies in S. cerevisiae revealed that the transmembrane domain of 
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SRJ3 provides the anchor for attaching SR to the ER membrane, since deletion of the 
transmembrane domain caused SR to fractionate predominantly in the cytoplasm (Ogg et 
aI.,1998), 

The binding between SRa and SRJ3 is unusually strong, compared to other 
protein-protein interactions. SRa remained bound to membranes following extraction 
with 500 mM KI or 2 M NaCi, demonstrating that the SRa.-SRJ3 dimer is highly resistant 
to salt-induced disruption (Hortsch et al., 1985). Also, SRa could not be extracted from 
membranes with 2M urea, conditions that are usually sufficient to disrupt protein-protein 
interactions (Andrews et al., 1989). Furthermore, treatment of membranes with high pH 
(11.5), a condition usually sufficient to remove peripherally associated membrane 
proteins, did not remove SRa (Hortsch et at, 1985; Young et al., 1995; Miller et al., 
1995). However by raising the pH further, to 13.0, SRa. was completely extracted from 
the membrane, while SRf3 was not (Miller et aI., 1995). A soluble fragment of SRa 
lacking the amino-terminal 152 amino acids (SRa.-EF) can bind to membranes in a 
biologically active conformation but is not resistant to treatment with urea or 500 mM 
salt, providing evidence that the tight interaction is mediated by the amino-terminus of 
SRa (Meyer and Dobberstein, 1980; Andrews et al., 1989). 

To determine the minimum SRf3-binding unit within SRa. a series of deletions 
were made within the amino-terminal domain of SRa. that remains attached to SRf3 
following proteolytic digestion (Young et al., 1995; see Figure 2.7). Deletions within the 
amino-terminal 156 amino acids were unable to support an interaction with SRf3, as 
assayed by gel filtration experiments and immunoprecipitation assays. An in vitro 
translation experiment whereby reactions synthesizing SRa were terminated at various 
time points by the addition of cycloheximide revealed that an SRa. fragment consisting of 
approximately the first 140 amino acids of SRa. represented the minimum fragment size 
that could associate with vesicles in a salt-resistant manner (Young et al., 1995). 

Further examination of the membrane assembly requirements of SRa revealed the 
presence of a mRNA-mediated pause in translation between the amino-terminal domain 
and the GTPase domain of SRa. (Young and Andrews, 1996). Destabilizing a putative 
stem-loop structure within the mRNA, by introducing silent mutations into the DNA 
sequence encoding SRa, abolished the pause event and decreased the efficiency of SRa. 
assembly onto the membrane. The theory developed from this data states that this pause 
event anows the amino-terminus ofSRa to fold correctly, allowing SRa. to target to the 
ER membrane via an interaction with SRf3 (Young and Andrews, 1996). The relevance of 
an SRa. pausing event in vivo has yet to be demonstrated. 

In this chapter the interaction of SRJ3 with the ER membrane is further explored 
using an engineered glycosylation site as a readout for translocation into the lumen, 
proving that SRf3 is a type I integral membrane protein. Membrane-binding and 
proteolysis experiments reveal the determinants of SRJ3 orientation within the membrane, 
and reveal the regions of SRJ3 that are available to bind SRa.. by virtue of being on the 
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correct side of the membrane. Immunoprecipitation of SRa deletion mutants with SR(3 
confirm that the SRX2 domain comprises the minimum SR(3-binding domain within 
SRa, and a similar approach is used to establish the minimum SRa-binding requirements 
for SRf). By mutation of the SRf) GTPase, the role of the GTPase in mediating a tight 
SRa-SRf) interaction is also assessed. By assaying each set of mutations it is established 
that an intact, functional GTPase domain of SRP is all that is required to establish a tight 
binding interaction with SRa. 
2.2 Materials and Methods 
2.2.1 Materials and General Methods 

General chemical reagents were obtained from either Fisher, Sigma or Life 
Technologies, Inc. SURETM Escherichia coli cells used for plasmid construction were 
purchased from Stratagene. Except where specified, restriction enzymes and other 
molecular biology enzymes were from New England Biolabs or MBI Fermentas. 35S_ 
labeled methionine was from DuPont NEN. SP6 polymerase, Taq polymerase and RNAse 
inhibitor were from MBI Fermentas. Creatine kinase was from Boehringer Mannheim. A 
monoclonal antibody directed against a HA epitope was purchased from Berkeley 
Antibody Company. 

Transcription reactions with SP6 polymerase were performed as described 
previously (Gurevich et at, 1991). Cell-free translation reactions were performed in 
rabbit reticulocyte lysate (RRL) and labeled with 35S-methionine as described previously 
(Andrews et ai., 1989); translation products were analyzed by SDS-PAGE and 
radiography. Canine pancreatic rough microsomes were prepared and either washed with 
0.5 M KOAc (KRMs) or further purified by Sepharose CL-2B size exclusion 
chromatography (CRMs) as described (Walter and Biobel, 1983b). 

Polyclonal antiserum directed against SRa was obtained as described (Young et 
al., 1995). Polyclonal antiserum against a synthetic peptide corresponding to the 
carboxyl-terminal 20 amino acids of SR(3 was obtained from ExAlpha Biologicals. 
2.2.2 Plasmids 

Construction of plasmids, sequencing and site directed mutagenesis were 
performed using standard techniques. Unless otherwise stated, all SRI} constructs were 
inserted following the SP6 RNA polymerase promoter in pMAC334, a version of pGEM3 
containing the 5'-untranslated region of pSPUTK (Falcone and Andrews, 1991) and the 
3'-untranslated region of bovine preprolactin and all SRa constructs were inserted 
foHowing the SP6 RNA polymerase promoter in pSPUTK (Falcone and Andrews, 1991). 
All deletion constructs are presented in tabular format as Table 2.1. pMACl91, encoding 
a modified full-length cDNA sequence of canine SRa; pMAC455, encoding SRPmd; 
pMAC690, encoding SR(3md with an amino-terminal HA epitope-tag; pMAC55, encoding 
SRD4, a mutant of SRa in which the first hydrophobic series of amino acids are deleted; 
pMAC459, encoding SRD6, a mutant of SRa in which the second hydrophobic series of 
amino acids are deleted; pMAC494, encoding SRD7, a mutant ofSRa in which the first 
highly charged series of amino acids are deleted; and pMAC205, encoding amino acids 1-
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Table 2.1: Summary of plasmid constructs encoding deletions of SRa and SRP 

Plasmid designation Polypeptide designation Description 

SRa 

pMAC191 SRa full-length canine SRa 

pMAC55 SRD4 SRaA1-27 

pMAC459 SRD6 SRaA38-79 

pMAC494 SRD7 SRaA79-103 

pMAC205 SRX2 amino acids 1-176 of SRa 

SRf3 

pMAC455 SRpmd full-length murine-canine SRP 
chimera 

pMAC690 HA-SRpmd HA-tagged SRpmd 

pMAC853 SRPATM SRPAl-58 

pMAC747 SRPCl SRf3A260-265 

pMAC1300 SRPC1ATM SRPA1-58,260-265 

pMACI056 SRJ3D4 SRJ3Al-69 

pMAC1057 SRJ3D5 SRPAl-82 

pMACI082 SRPAloop SRJ3A185-219 

pMAC1363 SRJ3-1oop2 SRP with scrambled amino acids 
185-219 

pMAC1200 SRPAch SRPA64-70 
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176 of SRa were previously reported (Young et aI., 1995). pMAC507. encoding SpgP A, 
a chimeric protein that serves as a positive control for glycosylation, has also been 
previously reported (Janiak et aI., 1994). 

Plasmid pMAC853 encodes SRf3Ll TM, a fusion ofthe carboxyl-terminal 206 
amino adds of canine SRJ3 with an amino-terminal HA epitope tag (MYPYDVPDY AA)z. 
To assemble this plasmid the coding sequence for SRJ3md in pMAC690 was replaced by a 
PCR product generated by amplifYing the appropriate region of the coding sequence from 
pMAC455 using a 5' sense primer CATGCCATGGCTAAGTTCATCCGGAGCAGA 
and a 3' antisense primer complementary to the T7 promoter. The PCR product was 
digested with Neol and EeoRl and subcloned into the vector cut with the same enzymes. 

pMAC747 encodes SR(3C 1, a version of SRf3md lacking the carboxyl-terminal six 
amino acids. The coding region for SRf3Cl was amplified by PCR from pMAC455 using 
a 5' sense primer complementary to the SP6 promoter, and a 3' antisense primer 
GCTCTAGACCTACTTCTCCAGGTCCTGGATG. The PCR product was cut with Neol 
and Xbal and suhcloned into pMAC690 in place of the coding sequence for SRf3md' 

pMAC1300 encodes SRf3CIATM, and was created by digesting pMAC747 
(encoding SRf3C 1) with BspEI and BamHI, and subcloning it into the corresponding 
region ofpMAC853 (encoding SRf3LlTM). 

pMACI056 encodes SRf3D4, the carboxyl-terminal 195 amino acids of canine 
SRJ3. The coding region for SRJ3 was amplified by PCR from pMAC853 using a 5' sense 
primer CATGCCATGGCTGTTCTTCTTGTTGGC and a 3' antisense T7 promoter 
primer. The PCR product was cut with Neol and BamHI and used to replace the SRf3md 
coding region in pMAC690 digested with the same enzymes. 

pMAC1057 encodes SRf3D5, the carboxyl-terminal 182 amino acids of canine 
SRf3. The appropriate coding region was amplified from pMAC853 using a 5' sense 
primer CATGCCATGGGATTACTGTTTGTCAGGTTGTTAAC and a 3' antisense T7 
promoter primer. This fragment was cloned into pMAC690 using Neol and BamHI as 
above. 

pMAC1082 encodes SRf3Llioop, a version ofSRf3LlTM containing a deletion of 
amino acids 185 to 219. To prepare the plasmid for PCR, an endogenous HindIIl site was 
removed from a non-coding region of the plasmid by cutting pMAC853 with HindIlI, 
treating with Klenow fragment and ligating. The resulting plasmid (pMAC853-HindIIl) 
was amplified with a 5' sense primer 
AATTAAGCTTGGAAAGAAAGGCAAAGAATTTGAGT and a 3' antisense primer 
AATTAAGCTTTGCGGATTTTGCCATTGTAATG. The PCR product (the entire 
plasmid except for the deleted region) was digested with HindllI and ligated to yield 
pMAC1082. 

pMAC1363 encodes SRf3-1oop2, a version ofSRJ3LlTM with amino acids 185-219 
replaced with the pseudo-random sequence 
RSTISLQQASPLTGTPDKSGRSA TVLAQQLALNKL. The corresponding DNA 
sequence was created as a pair of oligonucleotides containing a 5' BgIII and a 3' HindIll 
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site. The oHgos were ligated into pSPUTK to give pSPUTK-Ioop2. The carboxyl-terminal 
region of SRI} and T7 RNA polymerase promoter were amplified from pMAC853-
HindIlI using a 5' sense primer containing a HindIlI site and a 3' antisense primer 
containing a Nhel site, and ligated into pSPUTK, giving pSPSRj33'. pSPUTK-loop2 was 
digested with BgIIl and HindIlI, and the fragment was ligated into pSRSRj33' to give 
pSPSRj33'-loop2. The amino-terminal region of pMAC853 including the SP6 RNA 
polymerase promoter and coding regions for the HA tag and the amino-terminal part of 
SRI} were amplified using a 5' sense primer containing an AjlIlI site and a 3' antisense 
primer containing a BgIIl site, and ligated into pSPSRI}3'-100p2 to assemble the coding 
region for SRj3-Ioop2. 

All ofthe plasmids encoding GTPase mutants were created by oligonucleotide
directed point mutation and PCR using a method described previously (Hughes and 
Andrews, 1996) using an Apal site. All plasmids were sequenced to confirm the presence 
of the desired mutations. 
2.2.3 Endoglycosidase H treatment 

10 J.!L of translation products were diluted to 100 J.!L in 0.5% SDS, 1 % I}
mercaptoethanol, 50 mM Na Citrate, pH 5.5 and incubated for 10 minutes at 100°C for 
10 minutes. Samples were split in half and 50 units of Endoglycosidase H (New England 
Biolabs) were added to one sample. Both samples were incubated at 37°C for 1 hour, at 
which time 10 J.!L were analysed by SDS-PAGE. 
2.2.4 Quantification of in vitro translation products 

1 ilL of translation reaction products were added to 50 J.!L 200 mM NaOH and 2.5 
ilL H20 2• and spotted onto glass micro fibre filters (Whatman). The filters were soaked in 
10% w/v trichloroacetic acid (TCA) for 10 minutes, washed 3 times in 5% TCA, once in 
95% ethanol, and allowed to dry. The dry filters were added to scintillation fluid, and the 
measured radioactivity was converted to finoles of protein by the following equations: 

(
CPMx%PJ 

M xEF 

Ci = 22x1012 , 

where Ci is the number of curies per sample, %P is the percentage of counts from the 
translated protein, M is the number of methionines in the protein, and EF is the efficiency 
factor of the scintillation counter. 

fowles_protein = 
Ci 

J 
1;: (1- J)/ 

/SAo - 11494 
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where f is the radioactive decay factor and 8Ao is the specific activity of the isotope. 
Periodically, 0.5 !-tL of reaction products were separated by 8DS-PAGE and sUbjected to 
Phosphorimager analysis to determine the percentage of radioactivity arising from the 
product of interest (%P), as compared to non-specific translation products. The 
determination of fmoles of protein rather than simply measuring radioactivity and 
correcting for the number of methionines was used to permit repeat experiments to be 
performed with identical quantities of in vitro translation products irrespective of the 
specific activity of the 358 methionine. 
2.2.5 Immunoprecipitations and Proteolysis 

To immunoprecipitate dimers consisting of SRa deletion mutants and HA-tagged 
SRl3md' SRa molecules were synthesized in vitro and SRl3md was synthesized in vitro in 
the presence of KRMs. 5 J.!L of SRl3md was incubated with 30 J.!L of the indicated SRa 
mutants for 30 minutes at 24°C. The mixture was loaded onto a 0.8 mL CL2B column 
equilibrated and eluted with buffer containing 250 roM NaCI, 100 mM KOAc, 10 mM 
Tris-OAc, pH 7.5, 2.5 roM MgCI2, 1 roM DTT. Fractions containing the excluded volume 
of the column were pooled, adjusted to 350 mMNaCl, 5% glycerol and 1% TritonX-100, 
and 8R13md was recovered using monoclonal antibodies against the HA epitope and 
Protein G Mfi-Gel (Bio-ROO). Immunoprecipitates were washed three times in TXSWB 
(100 mM Tris-Cl, pH 8.0,500 mMNaCl, 10 mM EDTA, 1% Triton X-I 00, 5% glycerol), 
and washed two times with IP wash buffer (100 roM Tris-Cl, pH 8.0, 100 mM NaCI), 
prior to addition of SDS-PAGE loading buffer. 

To immunoprecipitate dimers consisting ofSRa and the specified SRI3 mutant 
(all lacking the transmembrane domain), equimolar amounts of the two molecules were 
incubated for 15 minutes at 24°C. The reactions were then diluted in TXSWB at 4°C and 
incubated rotating end over end for 8-12 hours with either a polyclonal antibody to SRa 
conjugated to CNBr-activated Sepharose (pharmacia), or a polyclonal antibody to the HA 
epitope bound to Protein G Affi-Gel. Immunoprecipitates were washed three times in 
TXSWB, and washed two times with IP wash buffer prior to addition of SDS-PAGE 
loading buffer. For immunoprecipitation with anti-SRf3cooH' SRI3 and 8Ra translations 
were mixed such that the proteins were present in a 2: 1 ratio, respectively. Reactions 
were added to 500 J.!L of TXSWB with anti-SRf3cooH and Protein G Affi-Gel and 
incubated with end over end rotation for 12 hours at 4° C. The beads were pelleted and 
the supernatant was recovered and used for immunoprecipitation with anti-HA antibodies 
to isolate the remaining SRI3 molecules. 

To determine the membrane topology and protease sensitivity of the mutants 
bound to membranes, micro somes were added to 20 J,tL translation reactions. After 
translation for 60 minutes the membranes and membrane-bound proteins were isolated by 
gel-filtration chromatography and analyzed by proteolysis as described previously 
(Falcone et aI., 1999). 
2.2.6 Membrane peHeting experiments 

20 J.!L in vitro translation reactions were supplemented with 1 equivalent KRMs 
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(+KRMs) or 1 I-!L water (-KRMs) and allowed to proceed for 1 hour. Reactions were 
overlayed onto an 80 I-!L 0.5 M sucrose cushion in retic buffer (10 mM Tris-Ac, pH 7.5, 
100 mM KOAc, 2.5 mM MgOAc2, 1 mM DTT) and membranes were separated from 
bulk reaction products by spinning for 15 minutes at 26 psi in a Beckman airfuge. 
Samples were separated into 50 I-!L top (T) and middle (M) fractions, and the membrane 
pellet was solubilized in 50 I-!L 100 roM Tris-G, pH 8.0, 1 % SDS (B). 
2.2.7 GTP depletion 

Depletion of small molecules from translation reactions was performed essentially 
as described (Kim. et aI., 1997). Briefly, translation reactions were loaded onto a 20X bed 
volume of Sephadex G25 resin equilibrated in 250 mM sucrose, 25 mM HEPES-KOH, 
pH 7.5, 10 mM KOAc, 1 mM DTT, 5% glycerol and centrifuged at low speed at 4°e. The 
flow through was collected and the procedure was repeated. To determine how effectively 
this procedure removed nucleotides a control reaction containing 35S labeled A TP was 
analyzed. For nucleotide titration experiments, the appropriate amount of nucleotide was 
added to 1 0 ~ of depleted SRj3 reaction products and incubated for 20 minutes on ice 
prior to mixing with translation reactions for SRa for 15 minutes at 24°e. 
2.3 Results 
2.3.1 Membrane topology of SRI3 
2.3.1.1 Glycosylation analysis 

The hypothesis that SRj3 is an integral membrane protein is based on the 
following data: 1. Examination of the primary sequence of murine and canine SRj3 
predict a transmembrane sequence at the amino-terminus (Miller et aI., 1995); 2. SRP 
partitioned into the detergent phase in Triton X-114 experiments, consistent with the 
properties of an integral membrane protein (Young et al., 1995; Miller et al., 1995); 3. 
SRj3 remained in the membrane fraction after extraction with high pH conditions 
sufficient for removal of SRa (Miller et aI.. 1995). The positive inside rule, which states 
that the amino acid sequence flanking the TM domain that contains the highest 
concentration of positive charge will orient towards the cytoplasm (von Heijne and Gavel, 
1988), predicts that SRP assembles into the ER membrane in a type I orientation; that is, 
with the amino-terminus within the ER lumen. Nevertheless, SRj3 could adopt one of two 
possible topologies, outlined in Figure 2.1.A. Orientation "a" shows the transmembrane 
domain dipping into the membrane, anchoring SRj3 to the surface of the ER. This 
orientation causes the amino-terminus to protrude into the cytosol, where it could 
contribute to SRa-binding. Orientation "b" depicts a typical type I orientation. The 
transmembrane domain spans the membrane and the amino-terminus resides within the 
lumen of the ER. In this orientation the amino-terminus is unable to contribute to the tight 
binding of SRa-SRp. 

To distinguish between each of these possibilities I added a glycosylation 
sequence (MGNAS) onto the extreme amino-terminus of murine SRj3 (gSRj3m) or onto a 
chimera consisting of the fIrst ten amino acids of murine SRP followed by residues 
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Figure 2.1: Probing SRf3 membmne assembly using an amino terminal giycosylation 
sequence. A. The two possible conformations of SRj3 in the ER membrane. In 
conformation "a" the transmembrane sequence dips into the lipid bilayer, leaving the 
amino terminus in the cytoplasm. In conformation "b" the transmembrane sequence spans 
the membrane. placing the amino terminus into the lumen. B. gSRllm. gSRllmd' S~Pa and 
unmutated SRPmd were translated in vitro in the presence or absence of salt washed 
canine micro somes (KRM). Samples of translation reactions were treated with 
endoglycosidase H (EndoR) to remove sugars from glycosylation sites, and reactions 
were analysed by SDS-PAGE followed by autoradiography. The presence of a 
glycosylation event is proof that the amino terminus of SR13 resides within the lumen of 
the ER. Glycosylation events denoted by • arise from the engineered glycosylation site, 
while glycosylation events denoted by .A. arise from a glycosylation sequence elsewhere 

within SRPmd' 
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10 to 265 of canine SRP (gSRPmJ. The detection of a glycosylation event, manifesting as 
an apparent increase in molecular weight on a SDS-PAGE gel, would prove that 
translocation into the ER lumen has occurred. 

Both gSRPm and gSRPmd' as wen as S# A, a positive control molecule 
containing severnl glycosylation sites (Janiak et aI., 1994), and unmodified SRPmd were 
synthesized in a reticulocyte lysate cell free system including salt washed canine 
microsomes (KRMs) and assessed for the presence of a glycosylation event by SDS
PAGE (Figure 2.1.B). As expected, S# A translocated into the lumen of ER vesicles, 
where it became glycosylated a number of times (lane 2). SRP molecules containing the 
engineered glycosylation sequence were also efficiently glycosylated (lanes 5 and 8, _), 
indicating that the amino-terminus was translocated into the lumen (orientation 'a' in 
Figure 2.t.A). A second glycosylation event was apparent within SRPmd (lanes 8 and 11, 
'&), probably arising from a glycosylation sequence between the G2 and G3 sequences in 
the GTP binding domain (amino acids 110-112). This sequence is not conserved within 
murine SRP; therefore a second glycosylation event was not detected in gSRPm' Since 
this glycosylation event and the engineered glycosylation event are additive, the second 
glycosylation event did not arise from a population of SRP molecules adopting a reversed 
orientation in the membrane; rather it likely arose from a minor proportion of SRj3 
molecules that were translocated entirely across the membrane. Removal of carbohydrate 
from the glycosylation site by treatment with endoglycosidase H confirmed that the 
apparent shift in molecular weight on SDS-P AGE was due to the addition of carbohydrate 
and was not the result of an unexpected modification (lanes 3,6,9,12). 
2.3.1.2 Deletion mutant analysis 

To examine membrane assembly of SRj3, a series of sequence deletions were 
created (Figure 2.2). Selected molecules were synthesized in a reticulocyte lysate cell free 
system and assayed for correct assembly into ER membranes. As a starting point for this 
analysis the SRj3md chimera was used. This chimera, referred to here as SRP, was used 
because it was previously demonstrated to form heterodimers with canine SRa that were 
indistinguishable from the canine proteins found on microsomes (Young et al., 1995). 

The chimeric amino-terminus and the transmembrane domain were deleted in 
SRf)A TM which therefore, comprises the cytoplasmic domain of canine SRj3. The 
additional sequences deleted in SRPD4 include a positively-charged region following the 
transmembrane domain. SRj3C 1 is a version of SRf)md lacking only the carboxyl-terminal 
six amino acids. Finally, deletion of the SRP cytoplasmic region adjacent to the putative 
transmembrane domain that is enriched in lysine and arginine residues yields SRf)Ach. 
Preliminary immunoprecipitation studies (see Figure 2.6.D, lanes 3 and 4) determined 
that antibodies raised to a carboxyl-terminal peptide of SRf) precipitated only monomeric 
SRf). Therefore, all SRP constructs contain the wen characterized HA epitope at the 
amino terminus, unless specified otherwise. Certain mutants in Figure 2.2 were not used 
to assay membrane assembly of SRP but were required to identify the SRa-binding 
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Figure 2.2: Amino acid sequence deletions of SRI3 used in this study. All drawings 
depict a linear representation of SRI) with the canine sequence in black, murine sequence 
represented by a bricked bar, the transmembrane domain represented by hashed bar, and a 
scrambled amino acid sequence corresponding to a region of SRI) that does not align with 
Ras-family GTPases represented by a spotted bar. Positions of conserved regions defining 
SRI) as a member of the Ras family of small molecular weight GTPases are denoted 
beneath SRl)md as G I-G5. A series of positive charges following the transmembrane 
domain is denoted as (+)5' Numbering corresponds to the amino acid position that defines 
the border of the corresponding deletion or feature. 
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domain within SRp. Description of these mutants appears in the appropriate section. 
SRu is a cytoplasmic, peripheral ER protein. Therefore, it can only bind to those 

regions of SRJj that are on the cytoplasmic side of the membrane. Although Figure 2.1.B 
suggests that the amino-terminus of SRJj was translocated into the lumen leaving 
theremainder of SRJj to face the cytoplasm, the detailed topology of SRP was verified 
experimentally by using a membrane binding and proteolysis assay (Figure 2.3). In the 
absence of membranes, a single primary translation product was obtained for SRp. 
However, in agreement with an observation made from Figure 2.l.B, translation of SRP 
in the presence of membranes resulted in two bands, each representing membrane bound 
proteins (Figure 2.3, lane 2). The upper band was glycosylated as after treatment with 
endoglycosidase H it co-migrated with the lower band (Figure 2.l.B and Figure 2.4). 
Since the one potential glycosylation site in SRP was located within the GTP binding 
domain, the glycosylated band came from molecules oriented with the GTPase domain 
inside the endoplasmic reticulum. The glycosylated band was fully protected from 
protease digestion by the membrane (Figure 2.3, lane 3), suggesting that the entire 
molecule was translocated across the ER membrane. 

Only SR(3 that co-fractionated with membranes during gel-filtration 
chromatography are shown in lane 2 therefore, it is possible to calculate the fraction of 
molecules that adopt each topology. Greater than 60% of the membrane bound SR(3 
molecules were not glycosylated and co-migrated with SRI3 synthesized in the absence of 
membranes, as expected fora membrane protein with type I transmembrane (amino
terminus lumenal) orientation. When membranes were treated with protease, the 
molecules that comigrated with SRJj were partially digested and therefore, migrated with 
lower apparent molecular weight (Figure 2.3, lane 3, A). This digestion pattern is typical 
of a type I molecule with a protease-resistant core structure. Some molecules were almost 
completely digested, resulting in the small band (Figure 2.3, *). This band resulted from 
protection of the amino-terminus and transmembrane domain of SRI3 by the membrane. 
Upon solubilization of the membrane by Triton X-IOO (lanes labelled TXIOO), the larger 
protease resistant fragment of SRI3 was further digested by the protease (Figure 2.3, lane 
4,8) because the amino-terminus was no longer protected by the membrane. 

These data confirm that SRP spans the membrane as a typical type I integral 
membrane protein. Therefore. the amino acids at the amino-terminus of SRI3 
(approximately residues 1-58) reside within or span the ER membrane. where they are 
unlikely to come into contact with SRot. Thus, the sequence containing a series of 
positive charges (amino acids 58-70) following the transmembrane domain. is the most 
amino-terminal region of SRI3 that is a candidate for binding to SRu. 

Deletion of these residues from fun length SRl3md (SR(3~ch) inverted the 
orientation of some of the type I molecules in the ER membrane. As a result, the topology 
of some of the glycosylated molecules were inverted as they were almost completely 
protected from the protease (Figure 2.3, lane 7). After proteolysis these molecules 
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Figure 2.3: Proteolysis of seleded SRP molecules. Deletion versions of SR~ were 
synthesized in the absence (lanes 1,5,9, 13) or presence (lanes 2-4,6-8, 10-12, 14-16) of 
canine microsomes (RM). Membranes were isolated from the translation reactions by gel 
filtration chromatography and divided into three aliquots. Digestion with proteinase K 
(PK) was used to examine topology with respect to the membrane and to assay protein 
folding. Triton X-lOO, (TXI00) was added to solubilize the membrane to permit 
digestion of protease sensitive fragments otherwise protected from the protease by the 
membrane. Triangles indicate type I transmembrane molecules including a protease 
resistant core (dots) and the transmembrane amino-terminus protected by the membrane. 
Asterisks indicate the transmembrane amino-terminus protected by the membrane. One 
microliter of total translation products were analyzed in lanes 1,5,9,13. All other lanes 
correspond to 7 microliters of the original translation reaction. The migration positions of 
molecular weight standards are indicated to the left of the panel. The data in this figure 
was prepared by Mina Falcone. 
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Figure 2.4: Binding ofSRf38TM to ER membranes. SRf38TM was synthesized in vitro 
in the presence of salt washed canine microsomes and centrifuged over a O.SM sucrose 
cushion to separate the microsome-bound products from unbound translation products. 
Following centrifugation the reaction was separated into a top (T) and middle (M) 
fraction, containing unbound material, and a bottom (B) fraction, containing the 
microsomes. Two bands are present in the bottom fraction; one migrating as unmodified 
SRf38 TM and one migrating with a higher apparent molecular weight. Treatment with 
endoglycosidase H, reveals that some of the membrane-associated SRf38 TM has 
undergone a glycosylation event. migrated slightly further due to proteolysis of the 
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amino-terminal HA tag and the approximately 40 amino acids that precede the 
transmembrane domain. These residues were susceptible to digestion because they were 
on the cytoplasmic side of the membrane, confirming an inverted topology for the 
protein. Neither these nor the non-glycosylated molecules folded into a protease resistant 
conformation as there was no protease resistant band in lane 8. As expected, the amino
terminus of that fraction of the molecules that still adopt the type I topology was 
protected from proteinase K by the membrane (Figure 2.3, * in lane 7). Thus, it appears 
that one function of the positively-charged region is to prevent translocation of the 
GTPase domain of SR(3 during translocation of the transmembrane domain. 

Surprisingly, deletion of the first 59 amino acids ofSR(3 which includes the 
transmembrane domain resulted in a molecule with reduced but not abolished interaction 
with membranes (Figure 2.3, compare lanes 1 and 2 with lanes 13 and 14; see also Figure 
2.4). Both type I and type II membrane associated molecules were detected bound to ER 
membranes. The membrane protected amino-terminus of SRfM,TM was too small to 
detect by SDS-PAGE but the disappearance of the band that co-migrated with full length 
non-glycosylated SR(3-ATM upon addition of protease (Figure 2.3, compare lanes 14 and 
15) is diagnostic for type I transmembrane molecules. In contrast, the lumenally disposed 
glycosylated SRPATM molecules were protected from added protease unless non-ionic 
detergent was added to solubilize the membranes (Figure 2.3, compare lanes 13-16) 
confirming that there is a cryptic signal sequence within SRP that translocated the 
GTPase domain of SR(3 across the ER membrane. 

Of the 16 residues between the transmembrane segment and G 1 consensus 
sequence in SRp. 5 of the frrst 11 are positively charged. Although the next 5 residues are 
hydrophobic. signal peptides require a longer contiguous stretch of uncharged alnino 
acids (von Heijne, 1985). Thus, the cryptic signal sequence must at least overlap the 
GTPase domain ofSRp. Consistent with this interpretation the first 6 residues of the 
GTPase domain are uncharged. As expected. membrane binding and translocation of 
SRP8 TM occurred only co-translationally, demonstrating that membrane binding was 
specific (Figure 2.5) and not due to aggregation on the surface of the ER. Finally, it is 
possible that deletion of residues 1-59 from SRI3 impairs folding of the membrane bound 
molecules as less of the protease resistant core fragment was detected (Figure 2.3, lane 
16). 

To test the hypothesis that the residues between the transmembrane domain and 
the G 1 consensus sequence can function as a cryptic signal sequence the membrane 
binding of SRP8 TM was compared to a molecule containing a further deletion of 
residues 59-70 (SRI3D4) (Figure 2.6). Molecules were synthesized in vitro in the presence 
ofER membranes (lanes 1-3,7-9) or in the absence of membranes (lanes 4-6, 10-12) and 
membrane bound molecules were separated from unbound reaction products by peUeting 
the membranes through a sucrose cushion. Reactions were then fractionated into soluble 
(T, M) and membrane-bound (B) fractions. In agreement with results from Figures 2.3 
and 2.4, SRI3A TM was translocated into vesicles, and a significant proportion of 
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Figure 2.5: Targeting ofSRf3~TM to membranes. SRf3~TM was synthesized in vitro 
in the absence of canine pancreatic micro somes (lanes 1-3), in the presence of 
microsomes (lanes 4-6), or in the presence of canine microsomes following synthesis of 
SRf3!l TM (lanes 7-9). Reactions were centrifuged over sucrose cushions and divided into 
soluble (T, M) and membrane-bound (B) fractions. A: SRf3!lTM that has been targeted to 
microsomes, T: SRf3!l TM that has translocated across the ER membrane and 
glycosylated. 
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Figure 2.6: Membrane binding of SRI3ATM v§ SRI3D4. SRPATM or SRPD4 were 
synthesized in vitro in the presence (+) or absence (-) of salt washed canine microsomes 
(KRM). Translation reactions were then centrifuged over a O.SM sucrose cushion to 
separate the microsomes from unassociated translation products, and separated into top 
(T), middle (M) and bottom (B) fractions. In the absence ofKRMs nearly all SRPATM 
and SR13D4 fractionate in the top and middle fractions, while in the presence of KRMs, 
only SRPATM is detected in the bottom fraction, bound to microsomes. A: SRPATM that 
has been targeted to microsomes, "": SRPATM that has translocated across the ER 
membrane and glycosylated. 
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molecules became glycosylated (compare lane 3 with lane 6). This molecule did not 
contain the HA tag, so this result verified that the epitope sequence did not contribute 
significantly to the cryptic signal sequence. Removal of the charged residues following 
the transmembrane domain reduced binding of SR[3 to membranes to background levels 
(compare lane 9 with lane 3), demonstrating conclusively that these residues directly 
contribute to the targeting of SRJ3A TM to membranes. 

Deletion of the last 6 amino-acids from the carboxyl-terminus of the SRJ3 GTPase 
domain resulted in a molecule (SRf3Cl) with primarily type I topology, similar to SR[3, 
(Figure 2.3, compare lanes 1-3 with lanes 9-11). However, this molecule was somewhat 
impaired for folding as the intensity of the band resulting from the protease resistant 
structure was substantially reduced (Figure 2.3, lane 11, A). 
2.3.2 Dissecting the SRaJSR(3 interaction 
2.3.2.1 Deletion mutant analysis 

Gel filtration analysis of a series of SRa deletions synthesized in vitro revealed 
that only those SRa molecules containing a complete amino-terminus eluted in the same 
fractions as canine pancreatic microsomes, presumably because SRa was binding to the 
microsomes through a physical interaction with SR[3 (Young et at, 1995). To corroborate 
this data as well as to examine the SRa-SRf3 interaction directly a coimmunoprecipitation 
approach was developed (Figure 2.7). To facilitate precipitation ofSRf3 the wen 
characterized HA epitope was added to the amino-terminus of SR[3md because antibody 
binding to the amino-terminus of SRf3 was not expected to affect the SRa-SRf3 
interaction. By incubating SRa deletion mutants with HA-tagged SRf3md' and 
immunoprecipitating with an anti-HA antibody, SRa deletion mutants that bind to SRf3md 
could be detected. 

Full length SRa, and several deletion mutants within the amino-terminus were 
selected for immunoprecipitation with HA-tagged SRf3. using an anti-HA antibody 
(Figure 2.7.A). The SRD4, SRD6 and SRD7 deletions remove the first hydrophobic 
region, the second hydrophobic region and the first charged region ofSRa, respectively. 
SRX2 is predicted to contain all of the sequence required to bind SRa to SRf3. AU 
molecules were synthesized in vitro in the presence of 35S-methionine to allow 
visualization by autoradiography, and incubated to allow binding to occur. Following 
immunoprecipitation full length SRa was efficiently precipitated with SRf3 (Figure 2.7 .B, 
lane 1), as expected. SRD4 and SRD6 did not precipitate wen while SRD7 did not 
precipitate at aU with SRf3 (lanes 2-4). SRX2, consisting of the amino-terminal 176 
amino acids of SRa precipitated efficiently with SRf3 (lane 5), confirming that this 
domain is necessary and sufficient to bind SRa to SRf3. The band corresponding to SRX2 
appeared lighter than fun length SRa; this is because SRX2 contains three methionine 
residues compared to fun length SRa, which contains 17 methionine residues. Therefore 
SRX2 will appear nearly six times lighter than an equivalent amount of SRa on an 
autoradiogram. The interaction between SRa and SRf3 is specific, since no SRa was 
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Figure 2.7 Immunopredpitation of SRa deletion products with SR~. A: A diagram of 
full-length SRa and the SRa deletion products used in this experiment. Amino acid 
residues are numbered below the full-length SRa bar. Hydrophobic regions are shown in 
black and charged regions are shaded. The translated regions of each deletion product are 
black bars. B: Aliquots of in vitro translation reactions containing SRa deletions and HA
tagged SRf3md were incubated together prior to immunoprecipitation. Samples were 
immunprecipitated with an anti-HA antibody to precipitate SRf). Migration positions of 
SRa and SRP are indicated to the left of the panel. The migration positions of SLSTgP A 
and SRX2 are indicated to the right of the panel. Both panels have been adapted from 
Young et aI., 1995. 
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detected when a control molecule was immunoprecipitated with rabbit IgG (lane 6). The 
results of this experiment agreed with the gel filtration data, and confIrm that SRX2 is the 
minimal SRp-binding of SRa (Young et aI., 1995). 

To identify the SRa binding domain within SRP the coimmunoprecipitation 
approach was used to assay a series of SRP deletions for interaction with SRa (Figure 
2.8). To precipitate the SRP mutants the same anti-HA antibody was used as in Figure 
2.7.B. To precipitate SRa I used an antibody directed against the linker region between 
the SRX2 domain of SRa that binds it to SRP and the SRa GTPase domain. 

I created additional truncations within SRP to assay the requirements for SRa
binding (Figure 2.2). Sequences deleted in SRPD5 include the amino-terminus, 
transmembrane domain, positively-charged region and G 1 GTPase consensus sequence. 
SRpCl~TM, like SRPCl, removed the carboxyl-terminal six amino acids, with the 
additional deletion of the amino-terminus and transmembrane domain. Alignment of SRP 
with members of the Ras family of GTPases identifIed a putative insertion of 34 amino 
acids between the G4 and 05 consensus sequences (Miller et aI., 1995). Deletion of this 
sequence from SRP~ TM yielded SRP~loop. and replacement of the loop with a 
scrambled version of the sequence resulted in SRp-loop2. 

Since the positive charges following the transmembrane domain appear to dictate 
the membrane orientation of SRP, this region is unlikely to be involved in binding to 
SRa. Therefore, the GTP-binding domain and the putative loop region are the main 
candidates for an SRa-binding motif. Consistent with the hypothesis that the amino
terminus of SRP is not required for binding to SRa, dimerization of either SRP~ TM or 
SRPD4 with SRa was detected with both antibodies (Figures 2.8.B and 2.8.C, lanes 1 and 
2, respectively). Deletion of the 01 region, (SRPD5) which comprises part of the SRP 
OTPase domain, abolished binding to SRa (Figures 2.8.B and 2.8.C, lane 3). Deletion of 
as few as six amino acids from the carboxyl-terminus of SRP also abolished binding to 
SRa (Figures 2.8.B and 2.8.C, lane 4). The last 6 amino acids of SRP contribute to part of 
an alpha helix forming part of the OTPase domain (Miller et al., 1995). Thus, these 
results demonstrate that deletion of either end of the GTPase domain prevents dimer 
formation. In addition, both of these SRP mutants (SRPD5 and SRPCl~TM) lacked the 
protease ,resistant :fragment observed for SRP~ TM (Figures 2.3 and 2.9) suggesting that 
the protease resistant fragment probably resulted from correct folding of the SRP GTPase 
domain. Taken together, these data imply that a properly folded SRP GTPase domain is 
required for efficient binding of SRa. 

Removal of the sequence from between 04 and G5 in SRP that does not align 
with other Ras type GTPases (a putative loop, according to (Miller et at, 1995) resulted 
in reduced but detectable binding of SRI3Aloop to SRa, as did replacement of this 
sequence with a scrambled sequence (SR~-100p2). SRa-binding to these deletion forms 
of SRP was not efficient (arrowheads in Figure 2.8.B, lanes 5-6), therefore a darker 
exposure of these lanes of the autoradiogram is also shown (Figure 2.8.D, lanes 1-2). 

38 



Ph.D. Thesis - KR. Legate McMaster: Biochemistry 

Figure 2.8: Immunoprecipitation of SRa with SRf3 deietions. Aliquots of in vitro 
translation reactions containing equimolar amounts of SRa and the specificed SRI3 
deletion molecules were incubated together prior to immunoprecipitation. A: Total 
products prior to immunoprecipitation, B: Immunoprecipitation with an anti-HA antibody 
to precipitate SRI3. SRa precipitates wen with SRI311TM and SRfjD4, but precipitates 
poorly with SRI3Moop and SR13100p2 (upward arrowheads). No immunoprecipitation of 
SRa is detectable with SR13D5 or SRj3Cl, c: Immunoprecipitation with an anti-SRa 
antibody shows the reciprocal result Again, SRj3L1loop and SRj3100p2 precipitate with 
SRa less efficiently than SRj311TM (upward arrowheads). D: A darker exposure of panel 
B, lanes 5 and 6 (lanes 1 and 2), and immunoprecipitation of SRa-SRj311 TM complexes 
with an anti-SRj3cooH antibody (lane 4) followed by immunoprecipitation with an anti-HA 
antibody (lane 4). The migration position of full length SRa is indicated by an arrow to 
the left of the panels. A SRa translation product that results from initiation of translation 
at an internal methionine is indicated by •. The bracket indicates the migration positions 
of the SRj3 deletions. 
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Figu.re 2.9: Pmteolysis of selected SRl3 deldions. In vitro translation reactions 
synthesizing SRl3L\ TM, SR!)D4, SR!)D5 and SR!)-loop2 were treated with proteinase K 
(PK) in the absence (lanes 2,5,8,11) and presence (lanes 3,6,9,12) of Triton X-lOO 
(TX100), and analysed by SDS-P AGE followed by autoradiography. A protease resistant 
core fragment migrating above globin (a background product of the translation reaction) 
is indicated by •. The data in this figure was prepared by Mina Falcone. 
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When the precipitation was perfonned using antibodies to SRa, binding of SRf)t\loop 
was on average 300/0 that of binding to SRf)t\TM while binding to SRf)-100p2 was about 
15% that of binding to SRf)t\TM (Figure 2.S.C, arrowheads in lanes 5 and 6, 
respectively). When synthesized in vitro, SRf)-100p2 was less resistant than SRf) was to 
added proteases (Figure 2.9, lanes 10-12) suggesting that the loop sequence contributes to 
the correct folding of the SRI3 GTPase. Therefore, this sequence may contribute to, but is 
obviously not essential for, binding of SRf) to SRa. 

An antibody was raised against the carboxyl-terminal twenty amino acids of SRI3 
to assay co-precipitation of SRI3 and SRa with an antibody directed against another 
region ofSRI3 (anti-SRl3cootJ . However, consistent with the observation that the 
carboxyl-terminus of SRI3 was required for SRa-SRf) dimerizatio~ this antibody was 
unable to immunoprecipitate dimers (Figure 2.8.D, lanes 304). Instead, anti-SRf)cooH 
immunoprecipitated only SRI3t\1M from mixtures ofSRf)t\TM and SRa (Figure 2.8.D, 
lane 3). However, a second round of immunoprecipitation with anti-HA antibodies, 
following immunoprecipitation with anti-SRl3cooH precipitated SR dimer;:; that were not 
recognized by anti-SRf3cooH (Figure 2.8.D, lane 4). 
2.3.2.2 GTPase Mutant Analysis 

Since the GTPase domain of SRf3 appears to be both necessary and sufficient for 
binding to SRa, a series of GTPase point mutations (Table 2.2) were created in SRf3t\ 1M 
to detennine whether a functional GTPase domain is required for SR dimerization. 
Similar GTPase mutations were also examined for functional complementation of SRf3 
deletion in yeast (Ogg et aI., 1998). Coimm1.moprecipitation experiments perfonned with 
these GTPase mutants illustrated that only a subset were competent for SR dimerization 
(Figure 2.10 and Table 2.1). The mutants that bind to SRa include the G 118L and H119L 
mutations believed to reduce the GTPase activity of GTP binding domains (pai et at., 
1990; Bourne et ai., 1991; Jonak et aI., 1994; Hwang et at., 1996) and D18IN, a mutation 
that was shown to alter the nucleotide binding preference from GTP to XTP in other 
GTP-binding proteins (Figure 2.11)(Hwang and Miller, 1987; Weijland et al., 1994). 
Although the DI8IN mutation attered binding preference it did not eliminate GTP 
binding. Therefore, since our in vitro translation reactions contained at least 100 J!M GTP 
it was likely that when synthesized in vitro, the DISIN mutant was still primarily in the 
GTP bound form. Of the mutants that did not bind SRa, K751 is predicted to have much 
reduced nucleotide affinity based on data obtained from Ras (Sigal et al., 1986), whereas 
N187K is predicted to be structurally unstable based on data from the X-ray structure of 
Ras (pai et at., 1990). Thus the common feature of aU of the mutants that bound to SRa is 
that they are all expected to bind nucleotide. 

SRX2, the previously identified minimum SRI3-binding domain of SRa (Young et 
aI., 1995). bound to the GTPase domain of SRf) (Figure 2.12, lanes 1-2). In addition, the 
GTPase domain with the scrambled loop region (SRf)-100p2) also bound to SRX2 (Figure 
2.12, lane 3). GTPase mutants that bound full-length SRa also bound to SRX2 (Figure 
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Table 2.2: Effect ofSRP mutations on the ability to bind SRa 

Mutant Coimmunoprecipitate GTPase box Phenotype in yeast! 

SR~-~TM ++++ N/A wt 
SR~D4 ++++ N/A nd 
SR~D5 N/A nd 
SR~lCl-~TM N/A nd 
SR~-~loop ++ N/A nd 
SR~-100p2 + N/A nd 
K751 G-l ts 
Gl18L ++++ G-3 ts 
H119L ++++ G-3 wt 
N178K + G-4 ts 
D181N ++++ G-4 wt 
K75I1Hl19L G-l, G-3 null 
G118LID181N + G-3, G-4 nd 

N/A = Not Applicable, nd = not determined, ts = temperature sensitive, wt = wild type 
I Ogg et aI., 1999 

2.12, lanes 4-5). Since SRX2 bound to SRP mutants in a manner identical to full length 
SRa. I conclude that no other sequences in SRa contribute to the interaction. 

To determine whether the GTP-bound form, GDP-bound form or the empty form 
ofSRP binds to SRa, small molecules, including GTP, were removed from in vitro 
translation reactions by gel filtration chromatography. Since the in vitro translation 
reactions contained very small amounts of SRP, (approximately 100 fmoles) there was a 
practicaIlimit on the size of gel filtration column that could be used before there was 
unacceptable loss of SRP due to non-specific binding. As a result, I was unable to reduce 
the amount of GTP in the reaction mixture to significantly less than 100 nM (Figure 
2.13). Binding ofSRPA1M to SRa was not affected by gel-filtration chromatography 
(Figure 2.14, compare lane 5 with lane 7). Since SRP has a measured ~ for GTP as low 
as 20 nM (Bacher et aI., 1999) it is possible that SRPA TM synthesized in vitro possessed 
a ~ low enough that gel-filtration chromatography was unable to remove nucleotides 
sufficiently to affect the nucleotide-bound status ofSRpATM. However, gel filtration 
blocked dimerization ofSRPDl8lNA1M with SRa. SRPDl8lNATM was expected to possess 
a lower than wild-type affinity for GTP therefore gel filtration chromatography reduced 
the concentration of GTP sufficiently to unload SRPD181NA TM, which was then unable to 
bind SRa (Figure 2.14, compare lane 6 with lane 8). These data suggest that the empty 
form of the SRP GTPase domain was unable to dimerize with SRa. To confirm this result 
and examine the nucleotide specificity for binding, this experiment was repeated and 
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Figure 2.10: Immunoprecipitation ofSRa with SRI3ATM harbouring GTPa~e point 
mutations. Aliquots of in vitro translation reactions containing equimolar amounts of 
SRu and the specified SRI3 GTPase point mutations were incubated together prior to 
immunoprecipitation. A: Total products prior to immunoprecipitation, B: 
Immunoprecipitation with an anti-HA antibody to precipitate the SRI3 mutants. SRu 
precipitates wen with SRPGl18L' SRPHlI9L and SRPDlSIN (SRI3XTPATM), but not with 
SRI3K75! or SR/3Nl78K' C: Immunoprecipitation with anti-SRu demonstrates the reciprocal 
result. The migration position of fun length SRu and SR/3A TM are indicated by arrows to 
the left of the panels. An SRu translation product that results from initiation of translation 
at an internal methionine is indicated by •. 
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Figu.re 2.11: The rationale behind the Asp181 to Asn181 mutation. A: The interaction 
between the guanosine ring and Asp, as predicted from the crystal structure of Arfl 
(Arnor et aI., 1994) and H-ras p21 (Pai et ai., 1990). B: The predicted interaction between 
the xanthosine ring and Asn. The replacement of an amino group with a ketone in 
xanthosine disrupts a hydrogen bond between the nucleotide ring and Asp. Mutation of 
Asp to Asn restores the hydrogen bond. Hydrogen bonds are depicted as broken lines. 
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Figure 2.12: immunoprecipitation of select SRI} molecules with SRX2. In vitro 
translation products of SRI} deletion mutations (lanes 1-3) and SRI} GTPase point 
mutations (lanes 4 and 5) were incubated with equimolar amounts of SRX2 and 
immunoprecipitated with an anti-HA antibody to precipitate SRI}. Mutants that 
precipitate full length SRa also precipitate SRX2. The positions of SRI} and SRX2 are 
indicated by arrows. 
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Figure 2.13: Removal of nucleotide by gel filtration. A 100 11M nucleotide solution 
containing 35S_dA TP as a tracer molecule was centrifuged over 20X bed volumes of 
Sephadex G-25, and the amount of nucleotide remaining in the filtrate was determined by 
scintillation counting. Error bars represent the standard deviation of three independent 
trials, The numerical value of the mean accompanies each data point. In vitro translation 
reactions could be centrifuged over two columns before the loss of radiolabeHed protein 
became unacceptable. 
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Figure 2.14: Immunoprecipitation of SRa with SRPATM and SRPD181NATM in 
depicted nudeotide condition§. Aliquots of in vitro translation reactions containing 
equimolar amounts ofSRa and either SRI3ATM or SRI3D18lNATM were incubated 
together prior to immunoprecipitation. Some samples were processed by gel filtration to 
deplete nucleotides (-GTP). Reactions were then immunoprecipitated with an anti-SRa 
antibody. Both SRI3ATM and SR13D181NATM are precipitated when nudeotides are 
present; only SRI3ATM precipitates when nucleotides are depleted by gel filtration. 
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dimerization was assayed after adding back specific nucleotides. 
When dimer formation was assayed with added ATP (up to 1 mM) co

precipitation of SR~DlgIN.6. TM and SRa was not observed. In contrast, adding GTP, GDP, 
XTP or XDP restored some SRot-binding by SR~Dl81N.6.TM (Figure 2.15). The effect of 
the xanthosine nucleotides was more pronounced than the guanosine nucleotides, 
consistent with the predicted preference of SR~Dlg1N.6. TM for XTP compared to OTP. In 
vitro, there seemed to be little preference for the di- or tn-phosphate forms of either 
nucleotide. Dimer formation could not be restored to the levels observed prior to 
nucleotide depletion suggesting that, similar to other small molecular weight OTPases, 
SR~Dl8!N.6. TM may be destabilized in the absence of bound nucleotide (Sprang, 1997). 
Taken together, these data reveal that an intact and nucleotide bound SR~ GTP binding 
domain is necessary for binding to the SRX2 region of SRot. 
2.4 Discussion 

We showed previously that SRa is anchored to the ER membrane through an 
interaction between the amino terminal SRX2 domain and SR~ ( (Young et at, 1995); see 
Figure 2.7). Our current data demonstrate that the minimal GTPase domain of SR~ is 
necessary for binding to SRa via SRX2 (Figures 2.8 and 2.12), since removal of core 
GTPase sequences from SR~ (SR~D5) abolished binding of SRa to SR~. Deletion of the 
carboxyl-tenninal six amino acids also abolished SRa binding, demonstrating that this 
binding interaction cannot tolerate the removal of sequences (Figure 2.8). The carboxyl
terminal sequence of SR~ forms an alpha helix in the same relative location as the as 
helix ofRas-type GTPases (Figure 2.16.B) (Schwartz and Blobel, 2003). While this helix 
does not contribute residues to the GTP binding pocket, it packs tightly against the 13 
sheet core structure of both Ras, Arf and SarI and is itself considered to be part of the 
core GTPase structure (pai et al., 1989; Arnor et al., 1994; Goldberg, 1998; Huang et aI., 
200 1). Removal of part of this helix from SRI3 greatly reduced the stability of a protease
resistant core fragment of SRI3, demonstrating that this helix is essential to the structure 
of the protein (Figure 2.3). How this alpha helix contributes to the stability ofSR~ is not 
obvious from the X -ray structure; there are no hydrogen bonds between this helix and 
other regions of the protein. 

According to the yeast SRX-SRI3 structure (Figure 2.16.A) the carboxyl-terminal 
alpha helix of SRI3 is not directly involved in the SRa-SRI3 binding interface. This comes 
as a surprise considering that an anti-SRl3cooH antibody could not coprecipitate dimers 
(Figure 2.8.D, lanes 3-4). Clearly the presence of bound SRot inhibited the formation of a 
high affinity antibody-SRI3 interaction, but it did not appear to be due to competitive 
binding between SRa and the antibody. 

Alignment of SRI3 with related GTPases reveals the insertion of 34 amino acids 
between the G4 and G5 GTPase consensus sequences, that is absent from other GTPases 
(Miller et ai., 1995). Removal of this insertion or replacement with a scrambled amino 
acid sequence of equal length resulted in decreased SRa binding (Figure 2.8). However, 
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Figure 2.15: The effect of nucleotide titration on SRaA;RpD181N~TM 
immunoprecipitation. In vitro translation reactions were depleted of sman molecules by 
gel filtration. Equimolar amounts of SRa and SRPXTP~ TM were incubated together in the 
presence of increasing amounts of the indicated nucleotides and immunoprecipitated with 
an anti-HA antibody. A: Analysis by SDS-PAGE of the samples supplemented with 
triphosphates. B: The data was quantified by Phosphorimager analysis and plotted 
graphically. The amount ofSRPDl81N~TM that co-precipitated with SRa prior to 
nucleotide depletion was arbitrarily assigned a value of 100% (alp) and is indicated for 
comparison. The results of one experiment (representative of three) are shown. 
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Figure 2.16: X-my strucru.re @f SRX-SRf} frOM S. cerevisiae. Unless otherwise 
indicated all models were rendered using Protein Explorer. A: A carbon backbone trace 
of the SRf3-binding domain ofSRa, SRX (blue) and SRj3L\TM (green), with bound GTP 
shown as a space filling model. Amino acids involved in side chain protein-protein 
interactions are shown in red, and the amino-terminus, carboxyl-terminus and extended 
a4 helix of SRf3L\ TM are labelled. The flexible loop that does not appear in the structure 
has been drawn as a dotted line. B: Two different orientations of SRPL\ TM are shown to 
illustrate the position of the carboxyl-terminal alpha helix relative to the rest of the 
structure. The carboxyl-terminal alpha helix is shown in black, the switch 1 region is 
coloured blue and the switch 2 region is coloured red. The amino-terminus, carboxyl
terminus and extended a4 helix are labelled. The Protein Data Dank (PDB) coordinates 
for these structures have been assigned the accession number INRJ. 
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this insertion appears to be necessary for a stable GTPase structure, since SR~ containing 
a scrambled insertion did not contain the protease-resistant fragment observed for the 
complete SRP GTPase (Figure 2.9). This sequence in yeast SRP extends the a4 helix 
beyond the length found in related GTPases, and contributes to an unstructured loop of 
unknown function (Figure 2.16) (Schwartz and Biobel, 2003). Therefore. the observed 
reduction in SRa binding likely results from a destabilized SRP structure, rather than 
through the loss of a direct interaction with the insertion, which lies on the opposite side 
ofSRP from the SRX binding site (Schwartz and Biobel, 2003). Analysis of the structure 
ofthe yeast SRX-SRP complex identified the amino acid side chains of both proteins that 
are responsible for maintaining the complex (Figure 2.16.A, Figure 2.17, red dots). A 
comparison between the sequences of yeast and mammalian SRX and SRP reveal that the 
majority of these residues are not conserved (Figure 2.17). Therefore, while the binding 
face of the mammalian proteins may include the same structural regions as the yeast 
complex, the details of the binding interaction will be completely different. 

Since the sequences necessary for heterodimerization were localized to the GTP 
binding domain of SR~ (Figure 2.8), a number of point mutations were introduced to 
determine the effect of GTP binding on SR dimerization. In each case the mutations were 
chosen based on structural data and functional characterization in related GTPases since 
the yeast SRf,3 structure was not known at the time. The subsequent publication of the 
crystal structure of yeast SRP strengthens the hypothesis that each of the residues changed 
in canine SR~ performs the same function as corresponding residues in other GTPases. 

A G 118L mutation changes a glycine required for GTPase activity in Ras, and 
moderately decreases the affinity between Ras and effector molecules, but does not affect 
the nucleotide affinity or the ability to bind to GAPs (Sung et at, 1995; Hwang et al., 
1996). A H119L mutation changes a residue predicted to orient a catalytic water molecule 
required for the hydrolysis of GTP. Ras contains a glutamine at this position, which is 
thought to position a water molecule for nucleophilic attack on the terminal phosphate 
group of GTP (Maegley et at, 1996; Scheffzek et at, 1997). Although SRP contains a 
histidine in this position, the imidazole group is ideally positioned to orient the water 
molecule (Figure 2.18). Therefore, the Hl19L mutant is expected to be deficient in GTP 
hydrolysis but should still bind nucleotide. A similar histidine mutation within EF-Tu 
demonstrates reduced basal GTP hydrolysis in vitro (Jonak et al., 1994). Both G118L and 
Hl19L retained the ability to coprecipitate SRa (Figure 2.10), consistent with the 
hypothesis that nucleotide-bound SRP binds SRa. 

Also consistent with this hypothesis was the discovery that two mutations 
predicted to contain no bound nucleotide were unable to dimerize with SRa. K75I 
replaces a lysine residue that forms hydrogen bonds with both the ~- and y-phosphates in 
yeast SRP (Schwartz and Blobel, 2003)and in the Ras-GTP crystal structure (Pm et aI., 
1989; Pai et al., 1990). Mutation of this residue in Ras decreased the affinity for both 
GTP and GDP by a factor of 100 (Sigal et aI., 1986). Therefore SR() K75I is predicted to 
exist predominantly in the empty state. N178K changes a residue that, according to the 
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Figure 2.17: Sequence alignment of SRfi and SRX(2). Sequence alignments of mouse, 
human, canine and yeast SR~ and human, canine and yeast SRX(2) were performed using 
T-Coffee (http://www.ch.embnet.org/softwareITCoffee.html). Side chains participating in 
protein-protein interactions are denoted by red dots. Conserved GTPase consensus 
sequences are shaded pwple, the switch 1 region of SR~ is shaded blue and the switch 2 
region is shaded red, consistent with the carbon backbone traces in Figure 2.16.B. The 
switch 2 region overlaps with the second GTPase consensus sequence except for the 
amino-terminal aspartic acid, which does not form part of the switch 2 sequence. 
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Figure 2.18: Detail of the GTP-bindmg site. A close up view of the active sites of Arfl
GMPPNP (A), Sarl-GMPPNP (B) and SRj3-GTP (C). The bound nucleotide is 
represented as a red ball-and-stick model, the coordinating Mg2+ is represented as a 
green dot and the catalytic water molecule is shovvn as a blue sphere extending as far as 
the van der Waals radius. The carbon backbone of the proteins is shown in grey, the 
activating glutamine (for Arfl) or histidine (for SarI and SRj3) is the green residue and 
the active site glutamic acid (for Arfl and SarI) or glutamine (for SRj3) is shown in 
purple. The PDB accession number for SarI bound to GMPPNP is IM20. The 
coordinates for Arfl-GMPPNP were provided by Jonathan Goldberg. 
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crystal structure of Ras, forms hydrogen bonds with a main chain oxygen in the G 1 
GTPase consensus and a threonine hydroxyl group in the G5 GTPase consensus 
sequence, and stabilizes the GTP binding pocket (Pai et aI., 1990). Both hydrogen bonds 
are possible between the N178 residue of canine SRI3 and the G1 and G5 GTPase 
consensus sequences; the hydrogen bond between this residue and G 1 GTPase consensus 
is conserved in the yeast structure. Therefore this mutant is predicted to be structurally 
unstable and unable to bind nucleotide. 

However, the most convincing evidence that dimerization is regulated by 
nucleotide binding comes from the mutant D181N. This mutant is expected to have 
reduced affinity for GTP but a preference to bind XTP and XDP. (Weijland et aI., 1994; 
Powers and Walter, 1995) In the absence of nucleotide this mutant was no longer able to 
bind to SRa. However, replenishing the reaction mixture with nucleotide restored binding 
of SRI3 to SRa.. GTP, GDP, XTP and XDP all supported dimerization; the triphosphates 
supported the formation of a greater number of dimers, suggesting the relationship 
GTP>GDP>empty state with respect to the efficiency of climer formation. Gel filtration of 
purified yeast SRI3 and SRX2 also suggested that GTP promotes more efficient dimer 
formation than GDP (Schwartz and Biobel, 2003). Taken together, these data support the 
prediction that the ability of SRa. to form a dimer with SRI3 is contingent on the 
nucleotide-bound status of SRI3. 

The SRI3-binding behaviour of SRa. (ie. binding is most efficient when SRI3 is 
bound to GTP) demonstrates that the SRa.-SRI3 interaction is analogous to the GTPase
effector interaction. However, the interaction of effectors with GTPases is usually 
transient, as the GTP-bound, 'active' state is transient (Sprang. 1997). However, since 
SRa. resides solely on the ER membrane (Ogg et aI., 1998), the SRa.-SRI3 dimer is not a 
transient complex. Attempts to map yeast protein-protein interactions on the proteome 
scale using a TAP-tag based purification approach identified SRI3 as the only binding 
partner for TAP-tagged SRa., so it is unlikely that SRa. is retained on the ER membrane 
by binding a protein other than SRI3 (Gavin et at, 2002). The implication from these data 
is that SRI3, in contrast to other small GTPases, may spend the majority of the time in to 
the GTP-bound, active state to ensure that SRa. remains bound to the ER membrane. The 
following section examines the properties ofthe purified SRI3 GTPase. 
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3. EXAMINATION OF THE PROPERTIES OF THE SR(3 GTPASE 
3.1 Introduction 

The work presented in chapter 2 established that an intact, functional GTP
binding domain of SR(3 is required to participate in a physical interaction with SRu. In 
this chapter the properties of the isolated SR(3 GTPase are examined, and compared with 
SR(3 harbouring a GTPase point mutation at a position predicted to be functionally 
important, based on observations made in related GTPases. 

SRP bears significant sequence homology to ArfISar GTPases, that constitute a 
sub-family of the Ras superfamily (Miller et at, 1995). These proteins can be 
distinguished on the basis of residues that line the GTP-binding pocket. Ras-type 
GTPases contain sequences of conserved residues called G boxes that are arranged at 
discrete intervals throughout the primary sequence (Dever et al., 1987). Art family 
GTPases are distinguished from other Ras-type GTPases by the presence of an aspartic 
acid instead of a glycine residue in the G 1 box (Table 3.1). The identity of this residue 
within SR(3 is not strictly conserved among lower eukaryotes, but higher eukaryotes 
contain an invariant cysteine in this position (Table 3.2). 

Table 3.1: Alignment of G 1 box sequences of ras superfamily members 

Protein species G 1 GTPase box sequence 

Raslp sc GGGGVGKS 

Ras RR GAGGVGKS 

Ran HS GDGGTGKT 

Raci HS GDGAVGKT 

RhoA HS GDGACGKT 

ARF-I HS GLDAAGKT 

ARF-2MM GLDAAGKT 

Sarlp sc GLDNAGKT 

SarI MM GLDNAGKT 

Sarla HS GLDNAGKT 

ARLt HS GLDGAGKT 
sc = S. cerevisiae, RR = R. rattus, HS = H. sapiens, MM = M. musculus 
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Table 3.2: Alignment ofGl box sequences ofSR~ orthologues 

Organism Gene/ORF G 1 GTPase box sequence 
name 

S. cerevisiae Srpl02p GPQNSGKT 

S. pombe (putative) 013950 GPSDSGKT 

Arabidopsis (putative) AAD08946 GLSDSGKT 

C. elegans (putative) NP 506245 GLMDCGKT 

M. musculus SRP GLCDSGKT 

C. familiaris SRP GLCNSGKT 

H. sapiens SRP GLCDSGKT 

An data gathered to date on the function of SRP has been obtained in the context 
of a SRu-SR13 heterodimer. Attempts to isolate the SR13 GTPase for study involved 
proteolytic treatment of SR with trypsin or elastase to specifically digest SRu. This 
releases the GTP-binding domain of SRu from SR13 but leaves an amino-terminal domain 
of SRu bound to SR13 (Lauffer et at, 1985; Romisch et aI., 1989). Therefore, there is no 
data on the properties of SRP as an isolated GTPase. 

To address this issue directly a soluble version of SR13, termed SR13..1 TM, was . 
expressed and purified from E. coli. SR13 harbouring a point mutation that replaces the 
semi-conserved cysteine with an aspartic acid, SR13C7m..1TM, was also expressed and 
purified, since the identity of this residue appears to be crucial to the function of other 
GTPases (Seeburg et al., 1984; Jacquet and Parmeggiani, 1988; Kahn et al., 1995) Using 
a variety of techniques the GTP binding and hydrolysis properties of both proteins were 
assessed, and a proposed interaction between SR13 and ribosomes was confirmed. The 
results of this work reveal that SRf3 exhibits properties that are unique among Ras-type 
GTPases. 
3.2 Materials and Methods 
3.2.1 Plasmids 

Construction of plasmids, sequencing and site directed mutagenesis were 
performed using standard techniques. AU encoded products are under the control of a T7 
promoter. The plasmids pMAC191 (containing a modified full-length cDNA sequence of 
canine SRu), pMAC455 (encoding SRf3mJ, pMAC1083 (encoding HA-SRf3xTP..1TM) and 
pMAC853 (encoding SRP..1TM, a fusion of the carooxyl-termina1206 amino acids of 
canine SR13 with an amino-terminal HA epitope tag) were previously reported (Young et 
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aI., 1995; Legate et al., 2000). 
Plasmid pMAC1277 encodes SR!3ATM fused to an amino-terminaJ. His-tag and 

enterokinase (EK) cleavage site. This plasmid was assembled in two steps. First 
pMAC70 1, encoding SR{3md fused to an amino-terminal His tag and EK cleavage site was 
generated by removing the SR{3 coding sequence from pMAC455 by digestion with BglIl 
and Kpnl and inserting it into pRSETB (Invitrogen) digested with the same enzymes. The 
sequence encoding SR{3ATM was then excised from pMAC853 using Ncol and EcoRl, 
and inserted into pMAC701 digested with Ncol and EcoRl, thereby replacing the coding 
region for SRPmd with that for SR!3A TM. 

Plasmid pMAC1623 encodes SRPcnoL\TM fused to an amino-terminal His tag 
and EK cleavage site. It was generated from pMAC1277 by the method described in 
(Hughes and Andrews, 1996). Briefly, the entire plasmid was amplified by PCR using 
olig0958 (ATGGGCCCCTCGGCAACTCTGGGAAAAC, desired mutation in bold) and 
olig0959 (ATGGGCCCCAACAAGAACAGCTCT). The product was then digested with 
Apal, and the 3' overhanging ends were blunted by incubation with the Klenow fragment 
of DNA polymerase, and the linear DNA was circularized by ligation with T4 DNA 
ligase. 

Plasmid pMAC 1624 encodes SRf3C7loA TM fused to an amino-terminal His tag 
and EK cleavage site, under the control of a T7 promoter. To generate this plasmid 
pMAC1277 was amplified by PCR using olig0960 
(ATGGGCCCCTCGACAACTCTGGGAAAA, desired mutation in bold) and olig0959. 
The PCR product was digested with Apal and end repaired and ligated as above. 

Plasmid pMAC1278 encodes SRf3XTPATM fused to an amino-terminal. His tag and 
EK cleavage site. SRf3XTPATM was excised from pMAC1083 with Ncol and EcoRl, and 
inserted into pMAC701 digested with Ncol and EcoRl, replacing SR!3md with 
SR{3~TM. 

Plasmid pMAC1637 encodes SR{3c71DATM fused to a carboxyl-terminaJ. His tag. 
SR{3C71DATM was amplified from pMAC1624 using olig0203 
(CATGCCATGGCTAAGTTCATCCGGAGCAGA)and 
olig0976(AGAATTCAA TGATGATGATGATGATGGGCGA TTTTAGCCAGCCAC) 
and digested with Ncol and EcoRl. The digested fragment was inserted into pET16b 
(Novagen) digested with Ncol and EcoRl. 
3.2.2 Protein purification and gel filtration 

Plasmids encoding either His-SR{3A TM or His-SR{3cnoA TM were expressed in 
the salt-inducible BL21S1 strain by addition ofNaCI to 300mM final concentration for 2 
hours. All purification steps were carried out at 4°C. Cell penets were washed once in 
50mM N~HP04' pH 8.0, ImM PMSF and resuspended in 2.5 mL lysis buffer (SOmM 
Na2HP04> pH 8.0, 500mM NaCl, 5mM MgOAcz, ImM PMSF, 10% glycerol (v/v» per 
gram of cells (wet weight). Cells were lysed in a pressure cell, DNA was precipitated 
with a finaJ. concentration of 0.15% polyethylenamine and lysate was centrifuged at 18 
000 g for 20 minutes in a Beckman JA-20 rotor. The lysate was further clarified by 
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centrifuging at 110 000 g for 1 hour in a Beckman TiSO.2 rotor prior to loading on Ni
NT A agarose (Qiagen) equilibrated in SOmM N~HP04' pH 8.0, 300mM NaCl, SmM 
MgOAc2, 10% glycerol. The column was washed in 10 volumes of equilibration buffer 
and His-SRf3 was eluted with equilibration buffer +50mM imidazole. Protein containing 
fractions were detected by BCA assay (Pierce), pooled and dialysed overnight in 40mM 
Tris-OAc, pH 7.8, 300mM NaCl, 5mM MgOAc2, ImM DTT, 25% glycerol. Dialysate 
was diluted with 6 volumes of 40mM Tris-OAc, pH 7.8, 5mM MgOAc2, ImM DTT, 25% 
glycerol to reduce the NaCl concentration and loaded immediately onto CM Sepharose 
equilibrated in 40mM Tris-OAc, pH 7.8, 50mM NaCl, 5mM MgOAc2, ImM DTT, 25% 
glycerol. The column was washed with 10 volumes of equilibration buffer and His-SRf3 
was eluted in a single step in SR13 elution buffer (equilibration buffer + 1 OOmM NaCl). 
Protein containing fractions were detected by Bradford assay (Biorad) and pooled. Protein 
concentration was determined by absorbance at 280nm as described in (Mach et at, 
1992). Aliquots ofSR13TM were supplemented with 2 mM CaC12 final concentration and 
digested with 0.01 units of enterokinase (Novagen)/10 J,!g SR13& TM for 16 hours at 20°C. 
Reactions were stopped by the addition ofEGTA to 5 mM final concentration. Protein 
was frozen in small aliquots at -80°C; material used for functional studies was thawed 
once and discarded. 

To eliminate the possibility of the epitope tag influencing the properties of SR13, 
the SR13& TM used in all experiments was processed with EK following purification, 
unless otherwise noted. The EK cleavage site within SRJ3& TM was unusually sensitive to 
enterokinase. Removal of the amino-terminal His6 tag from 10 J.1g of SRJ3& 1M could be 
accomplished in 16 hours with 0.01 unit ofEK, reflecting an activity 20 times higher than 
the manufacturer's specification (Figure 3.1). The His6 tag on SRJ3C71n& TM does not 
include an EK cleavage site; therefore it was not possible to remove the His6 tag from this 
protein. 

A plasmid encoding SRX2 with a carboxyl.;terminal His6 tag (pMAC1523) was 
expressed in E. coli strain NM522 by addition of 0.5 mM IPTG for 3 hours at 30°C. The 
cell pellet was resuspended in lysis buffer (40 mM Tris-OAc, pH 7.8,300 mM KOAc, 
10% glycerol (v/v), 1 mM PMSF) and lysozyme was added to a final concentration of 
0.25 mg/mL, followed by a 30 minute incubation on ice. Cells were lysed in a pressure 
cell, DNA was precipitated with a final concentration of 0.15% polyethylenamine and 
lysate was centrifuged at 18 000 g for 20 minutes in a Beckman JA-20 rotor. The lysate 
was further clarified by centrifuging at 110 000 g for 1 hour in a Beckman Ti50.2 rotor 
prior to the addition ofNi-NTA agarose (Qiagen) equilibrated in lysis buffer -PMSF. 
Lysate containing a slurry ofNi-NTA agarose was incubated at 4°C for 90 minutes with 
end-over-end mixing. The slurry was separated from lysate by low speed centrifugation 
and decanting of the supernatant. The slurry was transferred to a disposable column, 
washed in lysis buffer -PMSF, and SRX2 was eluted in a single step in lysis buffer
PMSF + 100 mM imidazole. The protein-oontaining peak was determined by SCA assay, 
peak fractions were pooled and DIT was added to 1 mM. 
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Figure 3.1: Removal of the His6 tag from SRJ3ATM by treatment with enterokinase. 
10 ~lg ofSRJ3ATM was incubated with 0.01 unit of recombinant enterokinase for an 
increasing period of time. At the specified times aliquots were removed and resolved by 
SDS-PAGE followed by Coomassie staining. The positions of25 kDa and 35 kDa 
molecular weight standards are indicated. 
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The following steps were carried out at room temperature. SRX2 was loaded onto 
a Phenyl Sepharose column equilibrated in 40 mM Tris-OAc, pH 7.8, 300 mM KOAc, 
10% glycerol (v/v), I mM DIT, washed in this buffer and eluted with a 0.1-0.7% 
gradient of Triton X-IOO. 

Gel filtration was carried out using a HiPrep 16/60 Superdex 75 FPLC column 
(Amersham) equilibrated in 40 mM Tris-OAc, pH 7.8, 300 mM KOAc, 5 mM MgC12, 

10% glycerol (v/v) at a flow rate of 0.5 mL/min. Protein was detected by absorbance at 
280 nm and plotted using Unicorn 4.00 software (Amersham). 
3.2.3 Immunoprecipitation 

Proteins were synthesized in vitro, quantified and immunoprecipitated as 
described in sections 2.2.4 and 2.2.5. 
3.2.4 HPLC analysis of bound nucleotide 

10 nmoles of SR(3 were diluted to 250 f.lL in SR(3 elution buffer. An equal volume 
of 8 M urea, 20 mM Tris-OAc, pH 7.8, 100 mM NaCl was added and the sample was 
incubated at 37°C for 30 minutes. The sample was centrifuged through a 5 kDa cutoff 
filter (Millipore) and the filtrate was added to a Bakerbond QUAT 5J.tffi HPLC column 
(J.T.Baker) in 25 mM triethylamine bicarbonate, pH 7.2. Nucleotide was eluted from the 
column with a 5-100% gradient of triethylamine bicarbonate. Samples were analysed with 
32Karat version 3.0 software (Beckman) and nucleotide was quantified by calculating the 
area under the curve and comparing to a standard curve of GTP or GDP. A known 
amount of GMP was used as in internal control in some experiments to determine the 
nucleotide recovery (90%). 
3.2.5 Fluorescence experiments 

300 nM SR(3 was incubated with 500 nM 2'-(or-3')-O-(N-methylanthraniloyl)GTP 
(mant-GTP) in 50 roM Tris-Cl, pH 7.6, 150 roM NaCl, 5 roM MgOAez, 2 roM DIT and 
10% glycerol in a lcm path length quartz cuvette. All measurements were taken with a 
fluorometer equipped with a 815 photomultiplier detection system (pTI, London, Ontario, 
Canada) with a 2 nm exication slit width and a 2 nm emission slit width, and compiled 
with Felix v 1.4 software (PTI). Samples were excited at 280 nm or 295 nm and emission 
spectra were obtained by scanning from 300-500 nm in 2 nm increments with an 
integration time of 0.2 seconds per data point. Emission spectra were corrected by 
subtracting a buffer blank and peak values were manually selected for further calculation. 
All calculations and data plots were performed within MS Excel 2002. 
3.2.6 Filter binding 

100 pmoles of SR(3 (l jlM) were incubated at the specified temperatures with 10 
~M GTP including 25% 3H-GTP (specific activity 31 Cilmmol) in 50 mM Tris-OAt:, pH 
7.8,200 roM NaCl, 5 roM MgC12• 10% glycerol, 2 mM DTT. At the appropriate time 
points samples were withdrawn and diluted to 2 mL in ice cold filter binding buffer (20 
mM Tris-OAc, pH 7.8, 200 roM NaCl, 5 mM MgCI2• 10 roM NH4Cl). Samples were 
applied to prewashed nitrocellulose discs (Whatman) and the discs were washed with 
3x3mL filter binding buffer in a MiUipore 1225 Filtration Sampling Manifold 
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(MiUipore). Discs were dried and bound nucleotide was quantified in a scintillation 
counter. 
3.2.7 Nucleotide exchange 

Nucleotide exchange reactions were carried out as described in (Koyama and 
Kikuchi, 2001) and (Wang and ColiceHi, 2001). Briefly, SR~~TM (1 ~M) was incubated 
with 20 mM GTP including 0.2 ~M y_32p_GTP or 20 ~M GDP for 10 minutes at 30°C in 
fmal buffer conditions containing 20 mM Tris-Cl, pH 7.6, 6 mM MgC12• 10 mM EDTA, 
1 mM DTT, 10% glycerol. After 10 minutes MgC12 was added to a concentration of20 
mM. The extent of nucleotide exchange was quantified by filter binding. To prepare 
SR~~ TM for GTPase assays, free nucleotide was separated from bound nucleotide by 
repurifying SR~~TM on CM Sepharose using the conditions outlined in section 3.2.2. 
3.2.8 UV crossHnking 

5 ~M SRI3 was incubated with 0.5 J1M a_3ZP_GTP and the indicated concentration 
of unlabelled GTP in crosslinking buffer (50 mM Tris-OAc, pH 7.8, 150 mM KOAc, 5 
mM MgOAez, 2 mM DTT) for 20 minutes on ice, followed by 5 minutes at 24°C. 
Reactions were placed into a plastic weigh boat on a chilled metal block and irradiated 
with UV light at 5000 J.tW/cm2 for 5 minutes. Samples were precipitated with 
trichloroacetic acid and washed in ethanol:ether (1 : 1) to remove free nucleotide, resolved 
by SDS-P AGE and analysed using a PhosphorImager. ~ estimates were determined from 
analysing the data in SigmaPlot. 
3.2.9 GTPase assay 

40 nM nucleotide-bound SRI3 or 5.0 OD260 units/ml ribosomes was incubated with 
83.S nM y_32p-GTP in GTPase buffer (50 mM Tris-OAc, pH 7.8, 15~ mM KOAc, 5 mM 
MgOAc2• 2 mM DTT) at 24°C. At the indicated time points samples were removed and 
quenched by adjusting the EDTA concentration to 50 mM on ice. Samples were spotted 
onto polyethylenamine cellulose TLC plates and resolved in 0.375 M KHZP04• pH 3.5 for 
one hour. Plates were dried and exposed to a PhosphorImager screen for quantitative 
analysis. To generate the Lineweaver-Burk plot, reactions were supplemented with cold 
GTP to concentrations up to 5 ~M and the reaction was monitored using hydrolysis of y-
3zp_GTP to estimate hydrolysis of all GTP. 

To assess the effect of ribosomes on the SRI3 GTPase, 2 nmoles (10 ~M) SRI3 was 
incubated with 40 A 260 units/mL of ribosome-nascent chains (RNCs) (a ratio of 12.5:1 
SRI3:RNCs) for 1 hour at 25°C in GTPase buffer. Ribsomes were then removed by 
centrifugation over aIM sucrose cushion in GTPase buffer for 1 hour at 360 000 x g and 
the top fraction containing SR~ was collected. Nucleotides in this fraction were identified 
by HPLC as described above. 
3.2.10 Ribosome. ribosomal subunit and ribosome-nascent chain eRNC) purification 

Canine pancreatic ribosomes and wheat germ RNCs were prepared as described 
elsewhere (Bacheret al., 1999; Pulga et at, 2001)25 mM HEPES-KOH, pH 7.6, 5 mM 
MgOAc2, 150 mM KOAc, 1mM DTT (+1 mM cycloheximide for RNCs) and centrifuged 
in a SW28 rotor for 16 hours at 48 000 g. 1 mL fractions were collected by bottom 
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puncture with monitoring by absorbance at 260 nm. The ribosome peak was centrifuged 
at 150 000 g for 1 hour in a Ti80 rotor and resuspended at a concentration of 100 A260 

units/mL in 25 mM HEPES-KOH, pH 7.6,5 mM MgOAc2, 150 mM KOAc, ImM DTT 
(+1 mM cycloheximide for RNCs). 

Ribosomal subunits were prepared from canine pancreatic ribosomes by raising 
the EDT A concentration to 10 mM and adding puromycin to 1 roM final concentration, 
followed by a 15 minute incubation at 25°C. Subunits were separated on sucrose 
gradients and collected as outlined above. Following the final pelleting step subunits were 
resuspended in a volume of the above buffer equal to the starting volume and an AZ60 

measurement was taken to ensure stoichiometric recovery (0.44 AZ60 units 60S subunit = 

0.16 A260 units 40S subunit)(Falvey and Staehelin, 1970). 
3.2.11 Ribosome binding experiments 

5 f.1M SRf3 was incubated with 20 A Z60 units/mL ribosomes or RNCs for 1 hour at 
24°C in 25 roM HEPES-KOH, pH 7.6, 5 mM MgOAc2, 150 mM KOAc, lroM DTT (+ 1 
mM cycloheximide for RNCs) and then added to the top of 30 mL linear 0.3-1.2 M 
sucrose gradients. The gradients were centrifuged in a SW28 rotor for 16 hours at 48 000 
g. 1 mL fractions were collected by bottom puncture, protein precipitated with 
trichloroacetic acid, resolved by SDS-P AGE and analysed by Western blotting using an 
antibody directed against SRf3. 

The nascent chains comprising RNCs were labelled with 35S-methionine to allow 
the migration position of RNCs to be monitored by autoradiography of the 
SRf3ATMIRNC Western blot. To monitor the migration position of ribosomes, fractions 
from a sucrose gradient were extracted with phenol:chloroform and ethanol precipitated 
to collect rRNA. rRNA was detected by electrophoresis on a 12% polyacrylamide gel and 
staining with ethidium bromide. 
3.2.12 Chemical crosslinking 

SRf3ATM (15 pmol) was incubated with 80S ribosomes (0.75 AZ60 units) in a total 
volume of25 f.1l in final buffer conditions of25 mM HEPES-KOH, pH 7.6,5 mM 
MgOAc2, 150 mM KOAc for 15 minutes at 24°C. bis-maleimidohexane (Pierce) was 
added from a freshly prepared stock in DMSO to a final concentration of20 f.1M and 
reactions were incubated for a further 20 minutes. Reactions were quenched by adding an 
equal volume ofSDS-PAGE loading buffer containing 250 mM DTT, and analysed by 
SDS-PAGE and Western blotting using an anti-SRf3 antibody. 
3.3 Results 
3.3.1 Immunoprecipitation ofSRa and SRB cysteine mutants 

In an attempt to identify the importance of the cysteine in the function of SRf3 I 
made two independent mutations at this site. The frrst, SRf3c7!DA TM, replaced the 
cysteine with aspartic acid, converting SRf3 into an Arf family GTPase. The second~ 
SRf3c7IoA TM, replaced the cysteine with glycine to resemble other Ras-type GTPases. 
Coprecipitation was used to assay binding ofSRf3 molecules to SRa. To permit direct 
comparison all of the SRf3 mutants included an amino-terminal His tag and enterokinase 
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cleavage site. Following in vitro synthesis of SRa, wild-type SR(3, both cysteine point 
mutants, and another GTPase point mutant, SR(3XTPA TM, previously shown to switch the 
nucleotide-binding preference from GTP to XTP (Legate et aI., 2000; Pool et at, 2002), 
gel filtration was used to remove nuc1eotides from some samples (-GTP) and separate 
reactions containing equimolar amounts of SRa and each of the SR(3 variants were 
incubated together to anow complex formation. Complexes were immunoprecipitated 
with an antibody against SRa (Figure 3.2). AU of the SR(3 molecules bound SRa in the 
presence of nucleotides contributed by the translation mix. As previously reported, 
nucleotide depletion reduced SRa-binding to the XTP-preferring version of SR(3, since 
the reduced affinity ofSR(3xTPATM for GTP allows this SR(3 variant to be emptied by gel 
filtration (Legate et al., 2000). Neither cysteine point mutation was affected by nucleotide 
depletion demonstrating that, despite the mutation in the G 1 box, these molecules 
retained SRa-binding activity under conditions which appear to empty SR(3XTPATM of 
nucleotide. 
3.3.2 Purification ofSRfiATM and SRfiC71lATM 

To examine the isolated SR(3 GTPase in greater detail, I expressed a recombinant 
protein consisting of the cytosolic portion of SR(3 fused to an amino-terminal 
hexahistidine tag (His6) and enterokinase (EK) cleavage site in E.coli. The protein 
(SR(3ATM) purified to apparent homogeneity in two steps involving nickel-NTA agarose 
and CM Sepharose (Figure 3.3.A) and the N-terminal His tag was removed by cleavage 
with EK (Figure 3.1). Gel filtration analysis of the purified product confirmed that 
SRI3ATM was a monomer in solution (Figure 3.3.C). One of the point mutants, 
SRI3CllDA TM, was expressed with a carboxyl-terminal His6 tag and purified using 
conditions identical to those used to purify SR(3ATM (Figure 3.3.B). 

Since it was demonstrated that removal of as few as six amino acids from the 
carboxyl-terminus of SRI3 abolished SRa binding (Figure 2.8) it was possible that the 
addition of a His6-tag to the carboxyl-terminus could also disrupt SRa binding. To 
examine this possibility I used an antibody directed against SRa to immunoprecipitate 
SRa bound to amino-terminal His6-tagged SR(3C71DATM (HisSRI3C7loATM) or carboxyl
terminal His6-tagged SRI3C71oATM (SR(3cll~TMHis)(Figure 3.4). In agreement with the 
data in Figure 3.2, HisSR(3C71D.6.TM bound to SRa. (lane 3). SRPC7IDATMHis also bound 
to SRa (lane 4), demonstrating that addition of six histidines to the carboxyl-terminus 
did not negatively affect the SRa-SR(3 binding interaction. More importantly this result 
confIrmed that addition of the His6-tag to the carboxyl-terminus ofSR(3 did not grossly 
perturb the structure of the protein. 
3.3.3 Purification of SRX2 

Attempts to use the purified SRX2 fragment of SRa to compare the properties of 
SRI3.6. TM with the properties of SR(3A TM/SRX2 dimers were ultimately unsuccessful. 
SRX2 containing a carboxyl-terminal His6-tag was expressed in E. coli but was insoluble 
in several lysis conditions (Figure 3.S.A). Gel fIltration experiments demonstrated that 
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Figu.re 3.2: Immmwprecipitation of SRa, bou.nd to SRrl6. TM containing GTPase 
point nmtatiomli. Aliquots of in vitro translation reactions containing equimolar amounts 
of SRa and the specified SRI' GTPase mutation were incubated together prior to 
immunoprecipitation. Some samples were processed by gel filtration to deplete 
nucleotides (-GTP) prior to incubation. A: Total products prior to immunoprecipitation, 
B: Immunoprecipitation with an anti-SRa antibody. Only SR!3xTP6.TM was unable to 
bind to SRa in the absence of nucleotide. 
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Figure 3.3: Purification of Hu6-taggoo SRI3ATM and SRI3C71DATM. A: Coomassie 
stained SDS-PAGE gel ofSRi3ATM at each stage of purification. L=darified lysate. 
FT=Ni-NTA agarose flow through fraction. Ni=Ni-NTA agarose eluate fraction, 
CM=CM Sepharose elution fraction. The positions of molecular weight markers are 
indicated. SRI3ATM migrates to an apparent molecular weight of 30 kDa. B: Coomassie 
stained SDS-PAGE gel ofSRi3c7IDATM at each stage of purification. Lane designations 
are the same as those in Panel A. SRi3C71DA TM migrates to an apparent molecular weight 
of27 kDa. C: Gel filtration ofSRi3ATM on a Superdex 75 FPLC column. Protein was 
detected by absorbance at 280 nm and plotted vs. elution volume. The position of 
SRi3ATM and molecular weight calibration standards are indicated. 
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Figure 3.4: Immunoprecipitation of SRa. with His6-tagged versions of SR~C71DATM. 
Aliquots of in vitro translation reactions containing SRa. and amino-terminal His6-tagged 
SRPc710ATM (HisSRPC7lDATM) or carboxyl-terminal His6-tagged SRPC710ATM 
(SRPC710ATMHis) were immunoprecipitated with an anti-SRa. antibody (lanes 3-4). 
Lanes 1-2 represent 10% of the starting material. Note that equimolar amounts of each 
molecule were not used in this assay. Lanes 5-6 contain only SRP molecules, which do 
not precipitate with the antibody. The position of the His6-tag does not affect the ability of 
SRPC710A TM to bind to SRa.. 
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Figu:re 3.5: Purification and gel filt:ration of His6"'tagged SRXl. A: Purification of 
SRX2 on Ni-NTA agarose. Lanes 1-3 are a Western blot of crude cell lysate using an 
anti-His6 antibody. Lanes 1 and 2 represent the supernatant and pellet fractions following 
cell lysis and low speed centrifugation. Lane 3 represents the supernatant following high 
speed centrifugation. Most SRX2 was found in the pellet following low speed 
centrifugation. Lanes 4 and 5 are a Coomassie stain of crude cell lysate following high 
speed centrifugation, and the elution fraction from Ni-NTA agarose. The migration 
position of SRX2 is indicated. B: Equimolar amounts of SRj3A TM and SRX2 were 
coincubated prior to gel filtration analysis. Two predominant peaks are observed 
corresponding to SRj3ATM and SRX2 in Triton X-I 00 micelles. A Coomassie stain of 
proteins found in the peak eluting after 40 mLs is shown as an inset. SRX2 is a 
predominant protein in this peak, but SRj3ATM is not detected. 
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conditions that retained the solubility of SRX2 did not support SR dimer formation 
(Figure 3.5.B). As a result of these difficulties this line of experimentation was not 
pursued further. Therefore, no comparison between isolated SRJ3 and SRX2-SRJ3 was 
possible. 
3.3.4 GTP binding characteristics 

GTPases are generally purified in the GDP-bound form. This holds true for both 
tissue-derived proteins as well as recombinant proteins that lack GAP homologues in E. 
coli (poe et aI.. 1985; Weiss et at, 1989; Barlowe et aI., 1993). Therefore, I expected that 
purified SRJ3 would be GDP-bound. To identify and quantify the nucleotide that 
copurified with SRJ3, 10 nrnoles of SRJ3L\ TM or SRJ3C7lDL\ TM were denatured in 4M urea 
to release the bound nucleotide. The denatured protein was removed by filtration and the 
released nucleotide was analysed by HPLC and compared to standards of GTP and GDP 
examined in parallel (Figure 3.6). The retention times for GDP and GTP on the HPLC 
column were 7.9 minutes and 9.6 minutes, respectively (Figure 3.6.A). Surprisingly, the 
supernatant from denatured SRJ3 contained a single major peak that eluted at 9.6 minutes, 
indicating the presence ofGTP. A smaller peak was detected at 7.9 minutes, 
corresponding to a small amount ofGDP (Figure 3.6.B). Calculating the area under the 
curves and comparing these values against values obtained from GTP and GDP standards 
(and correcting for 10% loss as measured by using GMP as an internal standard) revealed 
that 72% ofSRPL.\TM contained bound GTP while only 2% was bound to GDP. 
Similarly, 71% of purified SRPC71o.&TM contained GTP and 3% was bound to GDP. 
Therefore both wild type SRP and the GTPase point mutant remained bound to GTP 
throughout purification. The remaining 26% was not bound to nucleotide. This 
population of SRI3 did not bind to GTP in the timescale expected of an active empty 
GTPase (Feuerstein et al., 1987; Shapiro et aI., 1993; see Figures 3.9 and 3.11). 
Therefore I presume that this population consists of SRI3 that became structurally 
unstable in the absence of bound GTP. A structurally unstable empty state is a common 
feature of Ras-type GTPases (Feuerstein et aI., 1987; John et at, 1990; Mistou et al., 
1992). Addition of 10 J!M GTP to the buffers used during purification did not decrease 
the percentage of empty SRI3 (Figure 3.7), suggesting that this population did not arise 
from dissociation of nucleotide during purification. 

Two approaches were taken to determine what fraction of recombinant SRj3 was 
able to bind to or exchange bound GTP for exogenous GTP. The first method measured 
the ability of aromatic amino acids within SRI3 to transfer energy to a fluorescent GTP 
analogue, 2'-(or-3')-O-(N-methylanthraniloyl)GTP (mant-GTP) (Figure 3.8). Resonance 
energy transfer (RET) could be measured by monitoring the decrease in fluorescence 
output of an excited donor molecule (aromatic amino adds) and concomitant increase in 
acceptor molecule (mant) fluorescence (Figure 3.9.A). Mant fluorescence did not change 
in a control cuvette lacking protein, nor was there an increase in mant fluorescence 
attributable to binding to SRI3 when the dye was excited directly at 350 nrn (Figure 3.9.B, 
triangles and Figure 3. 1 O.B). Therefore, the increase in mant fluorescence arose solely 
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Figure 3.6: Identification of SRj3-bound nucleotide. Samples of SRj3~ TM and 
SRI3C7lD~ TM were denatured in urea and the liberated nucleotide was analysed by HPLC 
by monitoring absorbance at 260 nm. A: 1 nmole standards of GTP (black line) and GDP 
(grey line) show reasonable separation on the HPLC column. B: Nucleotide fi:om 4 
nmoles ofSRI3~TM (black line) and SRI3C71D~TM (grey line). The predominant 
nucleotide that binds to both molecules is identified as GTP. The peaks eluting in the 
flow through fraction arise from contaminants in the urea. 
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Figure 3.7: Comparison of SRI3-hmmd nucleotide foUowing purification :::I::GTP. 
Samples ofSRJ3ilTM purified in the absence of added GTP (black line) or in the presence 
of 10 j.tM GTP (grey line) were denatured in urea and the liberated nucleotide was 
analysed by HPLC by monitoring absorbance at 260 nm. The amount of GTP liberated 
from both molecules was identical. 
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Figure 3.8: Structure of2'-(or-3')-O-(N-methybmthraniloyl)GTP (mant-GTP). GTP 
is equally substituted on the 2' and 3' hydroxyl group of ribose with the O-(N
methylanthraniloyl) fluorophore. Figure taken from 
http://www.probes.comlservlets/structure?item=12415. 
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Figure 3.9: Fluorescence analysis of GTP binding kinetics. 300 nM SRll.1 TM or 
SR~cmATM were incubated with 500 nM mant-GTP at 24°C and GTP binding was 
analysed by fluorescence spectroscopy. A: Demonstration of resonance energy transfer 
(RET). Aromatic side chains within SRj3, excited at 280 run, emit fluorescence with an 
emission maxima of approximately 330 run. As mant-GTP binds over time, RET is 
detected by a decrease in protein fluorescence accompanied by an increase in mant-GTP 
fluorescence, with an emission maxima of 440 nm. B: GTP binding as measured by RET 
at an excitatory wavelength of 280 run. The plots for SRP~ TM (.) and SRPC71Dt1. TM (III) 
represent the increase in mant-GTP fluorescence over time. mant-GTP exposed to 280 
nm light in the absence of protein is also shown (A.). C: GTP binding as measured by 
RET at an excitatory wavelength of 295 nm. The plots for SRj3A TM (.) and 
SRPC71~TM (III) represent the increase in mant-GTP fluorescence over time. The Y axis 
in Panels B and C is presented as a fluorescence ratio calculated from the fluorescence 
intensity at time=X + the fluorescence intensity at time=O. All experiments were 
performed at least 3 times, with nearly identical results. 
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Figu.re 3.10: Flu.orescence spectroscopy control experiments. A: A decrease in 
fluorescence intensity arising from aromatic residues over time was detected from both 
SRj3ATM (+) and SRj3C71DATM (_). For this reason the increase in mant-GTP 
fluorescence over time was used to assay GTP binding kinetics. :8: Fluorescence change 
of mant-GTP incubated with SRj3ATM at an excitatory wavelength of 350 nm. There is 
no change in the fluorescence ofmant-GTP upon direct excitation of the fluorophore. 
Each experiment was performed at least 3 times, with nearly identical results. 
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from RET between the mant fluorophore and aromatic side chains within SRJ}. including 
a tryptophan near the carboxyl-terminus. GTP binding was quantified using the increase 
in mant fluorescence since Trp fluorescence decreased over time in the absence of mant
GTP (Figure 3.1O.A). I assume this is due to thermal denaturation of the purified protein 
in the fluorometer cuvette. Whatever the cause, by monitoring the increase in mant 
fluorescence I would slightly underestimate rather than overestimate the rate of GTP 
binding. The distance limitations of RET require that mant-GTP is bound to SRJ} for 
energy transfer to occur. Therefore this method provides a sensitive means to compare the 
rate of GTP-binding to SRJ}A TM and SRJ}C11oA TM. Reactions containing 300 nM SRJ} 
and 500 nM mant-GTP were excited at 280 run and energy transfer was monitored by 
measuring the increase in mant-GTP fluorescence emission at 440 nm (Figure 3.9.B). 
Both SRJ}ATM and SRJ}C1IoATM bound mant-GTP, with SRJ}ATM apparently accepting 
nucleotide with two distinct binding modes. The first mode was complete after 45 
minutes; the second mode was slower and took an additional hour to complete. 
SRJ}c7IoA TM showed a single mode of GTP uptake that was complete after 45 minutes. 
The initial rate of increase in mant fluorescence was greater for SRJ}C71oA TM than for 
SRf3ATM, indicating that the cysteine mutation permitted mant-GTP more rapid access to 
the GTP binding site in SRf3. 

SRJ} contains only one Trp located five amino acids from the carboxyl-terminus. 
Excitation at 295 nm permitted measurement of RET between this tryptophan and mant
GTP. I observed no change in the apparent kinetics of GTP-binding to SRf3C7IDA TM 
(Figure 3.9.C). However, SRf3ATM showed a single mode of GTP-binding, that 
resembled the second mode detected at 280 nm excitation in both slope and duration. 
Therefore, the first mode arose from RET between one or more of the Tyr (and Phe) 
residues scattered throughout SRf3A TM, and mant-GTP, while the second mode arose 
from RET between the carboxyl-terminal Trp residue and mant-GTP. 

While fluorescence spectroscopy permitted determination of binding kinetics it 
did not permit me to determine what fraction ofSRJ} can bind GTP. Therefore, I used a 
nitrocellulose filter binding assay to quantify the amount of GTP that could bind SRf3 
(Figure 3.11). 100 pmoles of SRJ}A TM ( .. ) or SRf3C71oA TM C8l) was incubated with a 10-
fold molar excess ofGTP, including 25% 3H-GTP, at 24°C for the indicated times. To 
analyse GTP binding the protein was bound to nitrocellulose filters and washed 
extensively to remove unbound nucleotide. The nucleotide remaining on the filter, 
representing the amount of solution GTP retained in a complex with SRf3, was quantified 
by scintillation counting. At 24°C both proteins showed the same t~ for nucleotide 
binding as was calculated from fluorescence data. After two hours SRf3A TM bound a 
maximum of 6.6 pmoles of GTP, reflecting an occupancy of 6.6%. SRf3c7IoA TM bound 
GTP at a faster rate than SRf3A TM, reaching a maximum of 3.5 pmoles of GTP bound 
after one hour followed by a steady decline throughout the rest of the experiment. A 
similar decline in binding was observed during RET experiments (Figure 3.9) and may 
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Figu.re 3.11: Qu.antification of GTP binding capacity of SRf3ATM and SRf3c7mATM. 
100 pmoles ofSRf3ATM c+) or SRf3C71DATM (_) were incubated with 3H-GTP, and 
quantification of bound GTP was achieved by binding protein-GTP complexes to 
nitrocellulose filters followed by scintillation counting. Data points represent the mean of 
three independent experiments for SRf3A TM, and six independent experiments for 
SRf3C7IDA TM. Error bars represent the standard deviation. 7% of SRf3ATM can accept 
exogenous GTP, compared to 3.5% ofSRf3c71D.ATM. 
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reflect structural instability ofSR~cn~TM during extended incubation at 24°C. Taken 
together, the data revealed that <10% of SR~ bound exogenous GTP (de novo or by 
exchange). Therefore, 90% of SR~ was already tightly bound to nucleotide or in a 
conformation that was unable to bind nucleotide. Both RET and filter binding 
experiments indicated that SR~ bound added GTP slowly, consistent with observations 
made in other GTPases assayed in their nucleotide-bound states (Ferguson et at, 1986; 
Kahn and Gilman, 1986; Barlowe et aI., 1993). 

The Kd of SRf3 for GTP was reported to range from 1 f.!M for the purified, 
solubilized SR dimer (Miller et at, 1995) to 20 nM for the purified SR dimer 
reconstituted into liposomes (Bacher et aI., 1999). To determine the ~ of the 7% of SR~ 
that accepted exogenous GTP, purified SRI3 was crosslinked to a_32P_GTP in the 
presence of an increasing concentration of non-radiolabelled competitor GTP (Figure 
3.12.A, 3.12.B, II). Binding followed a characteristic sigmoidal curve with the inflection 
point at 2 f.!M, demonstrating that recombinant SRI3 and solubilized SR (Mil~er et al., 
1995) have similar affinities for OTP. An identical Kd was calculated for SR~C71~ TM 
(Figure 3.12, A). Therefore purified recombinant SR~~TM bound GTP with a similar 
affmity as native SR~ after solubilization of microsomes, and mutation of the cysteine in 
the 01 box did not affect the affmity of this protein for GTP. Due to the short incubation 
period prior to crosslinking this ~ measurement reflected the loose-binding 
conformation revealed by RET, and not the majority of SRI3 that was already bound to 
GTP. 
3.3.5 GTP hydrolysis activity 

Since the majority of SRI3 remained bound to GTP throughout purification 
(Figure 3.6.B) it is likely that the intrinsic GTPase activity of SR~~TM is negligible. To 
experimentally verify that the SRI3 GTPase does not possess intrinsic catalytic activity, 
SR~~ TM was incubated with y_32p_GTP and hydrolysis was monitored by quantifying the 
liberation of the y-phosphate by thin layer chromatography (Figure 3.13.A). Ribosome
nascent chains (RNCs) treated with N-Ethylmaleimide (NEM), identical to those used in 
previous attempts to assay the influence of the ribosome on the SR~ OTPase (Bacher et 
aI., 1999), demonstrated that NEM treatment was not sufficient to abolish GTPase 
activity associated with RNCs (Figure 3.B.A, NEM-RNC). Therefore, initial 
measurements were made in the absence of ribosomes. After four hours of incubation at 
24°C no significant OTP hydrolysis was visually apparent above a control reaction 
lacking SRI3 (Figure 3.B.A, compare SRI3 to OTP). To ensure that the assay was 
sensitive enough to measure even a low basal rate of GTP hydrolysis, the assay was 
repeated with varying concentrations of GTP and a Lineweaver-Burk plot was generated 
to estimate a basal GTP hydrolysis rate (Figure 3.B.B). From the plot an estimated ~ of 
4.0 f.!M and kcat of 0.0005 min- l were derived, indicating a negligible rate of OTP 
hydrolysis for SRI3~TM. The efficiency of crosslinking [a_32P]GTP and [y_32p]GTP to 
SRI3 were identical (Figure 3.B.C), consistent with the negligible rate of GTPase activity 
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Figu.re 3.12: Measu.rement of GTP binding affinity. SRi3~ TM or SRPcnoLl TM was 
incubated with a_32P_GTP in the presence of increasing concentrations of unlabelled 
competitor GTP, and GTP was crosslinked to protein by exposure to UV light. A: 
Crosslinked samples of SRi3~ TM separated on SDS-PAGE were detected by 
autoradiography. The bands arise from the crosslinked radio labelled GTP. The 
concentration of unlabelled GTP is indicated across the top of the figure. B: Crosslinking 
data from SRi3~TM (_) and SRi3C71DLlTM (A) were quantified by PhosphorImager 
analysis and plotted as arbitrary PhosphorImager units vs the log of the concentration of 
unlabelled GTP. The measured ~ for both proteins is 2 I!M. 
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Figu:re 3.13: Endogenous GTPase activity of SRp~TM. A: y_32p_GTP was incubated in 
the absence (GTP) or presence (SRP) of SRPLl. TM. At the indicated times samples were 
spotted on TLC plates and developed to assess the hydrolysis of GTP. A sample of N
ethylmaleimide-treated ribosome-nascent chains is induded as a positive control (NEM
RNC). No significant hydrolysis of GTP by SRPLl. TM is detected. The migration 
positions ofy-32p-GTP and y_32Pi is indicated. B: A Lineweaver-Burk plot generated from 
data quantified from TLC plates. The basal rate of GTP hydrolysis estimated from this 
plot is <0.0005 min-I. C: Crosslinking of a_32P_GTP or Y-32P-GTP to SRPLl.TM, 
demonstrating that y_32p_GTP is not hydrolysed upon binding to SRp. 
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obtained using the thin layer chromatography assay. Therefore, unassisted, SRf3 was 
unable to hydrolyse GTP, suggesting a requirement for a GTPase activating protein 
(GAP) for SRf3. 

A candidate GAP for SRf3 was recently proposed to reside within the ribosome 
(Bacher et aI., 1999). Since ribosomes are a significant source of GTPase activity, this 
activity must be abolished to unambiguously assign GTPase activity arising from SRP in 
reactions containing both SRf3 and ribosomes. The use of alkylating reagents to modify 
ribosomal proteins reduces, but does not abolish, the activity of ribosome-associated 
GTPases (Marsh et aI., 1975) (see also Figure 3.B.A). Therefore in addition to 80S 
ribosomes, isolated ribosomal subunits and RNCs were treated with N-ethylmaleimide 
(NEM) in an attempt to decrease background ribosome-associated GTPase activity 
enough to detect GTP hydrolysis arising from SRp. Treatment with NEM had no effect 
on the GTPase activity of 80S ribosomes or RNCs (Figures 3.B.A, 3.14) but the GTPase 
activity of isolated 60S subunits, already significantly decreased compared to intact 
ribosomes, was abolished following treatment with NEM (Figure 3.14). Incubation of 
SRP with NEM-treated 60S subunits did not result in any additional GTP hydrolysis 
above background levels (Figure 3.15). 

Although isolated 60S ribosomal subunits did not stimulate the SRf3 GTPase, it is 
possible that ribosome associated GAP activity requires an intact 80S ribosome. The 
GTPase activity of 80S ribosomes precluded analysis with exogenous nucleotide, 
therefore I took advantage of the fact that 72% of SRPL\ TM purified with bound GTP and 
assessed the effect of the ribosome on the GTP bound to SRp. If a protein within the 
ribosome acts as a SRP GAP then incubation of SRP with ribosomes in the absence of 
added GTP should result in the hydrolysis of SRp-bound GTP to GDP. If the ribosome 
functions as a guanine nucleotide release factor (ORF) then incubation of SRPL\ TM with 
ribosomes should lead to the release of the GTP or GDP bound to SRPL\ TM. GTP 
released from SRP would then be hydrolysed by the ribosome-associated GTPases. To 
examine these possibilities SRPL\ TM or SRPcnoL\. TM was incubated with purified RNCs 
in the absence of exogenous GTP. The RNCs were removed by centrifugation through 
high density sucrose and I assayed the top fraction by HPLC to quantify the extent of 
GTP hydrolysis (Figure 3.16). RNCs alone did not release nucleotide into the solution 
(Figure 3.16.A), so aU nucleotide in the top fraction was assumed to originate from SRp. 
Samples of nucleotide from SRP incubated in the presence of RNCs were identical in the 
amount and proportion of GTP and GDP as SRP incubated in the absence of ribosomes 
(compare Figure 3.16.B with Figure 3.6.B). 

Since there was a 12.5-fold excess ofSRP in the previous experiment, there was a 
possibility that a small but significant amount of GTP hydrolysis could not be detected 
using an HPLC-based assay. If the interaction between SRP and the ribosome is catalytic 
(ie. SRP and the ribosome dissociate following GTP hydrolysis) then the above assay is 
valid. However, if in the absence of an intact translocation pathway there is a one-to-one 
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Figure 3.14: GTP hydrolysis by ribosomes. Purified ER-derived ribosomes, ribosomal 
subunits and RNCs were treated with N-ethylmaleimide, or left untreated, and incubated 
with y_32P_GTP for the indicated times. Hydrolysis of GTP was assessed by thin layer 
chromatography and Phosphorimager analysis. Data was presented as %GTP hydrolysis 
overtime. 
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Figure 3.15: The effed of NEM-treated 60S ribosomal subunits on SRP GTPase 
activity. SRPLl. TM or SRPC71DLl. TM were incubated with purified NEM-treated 60S 
ribosomal subunits and hydrolysis ofy-32p_GTP was assessed by thin layer 
chromatography. 60S ribosomal subunits had no effect on the GTPase activity of either 
protein. 
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Figure 3.16: The effect of ribosome-nascent chains on SRP GTPase activity. 
SRP~TM or SRPC7lD~TM was incubated with RNCs for one hour. RNCs were removed 
by centrifugation, SRP molecules were denatured in urea and liberated nucleotide was 
detected by HPLC. A: A sample of R."NCs alone, demonstrating that ribosomes do not 
contribute to the nucleotide content. B: Liberated nucleotide from SRP~TM (black line) 
or SRPC71D~ TM (grey line). Material eluting in the flow through fraction arises from a 
contaminant in the urea; the "hump" present during elution arises from a contaminant in 
the triethylamine elution buffer. 
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interaction between SRP and the ribosome, the maximum possible hydrolysis would 
amount to 8% of the total GTP. If the ribosome favours the GDP-bound or empty fonn of 
SRP it is possible that in the presence of excess SRP no hydrolysis would be detected. To 
obtain a more sensitive readout of GTP hydrolysis, SRP was loaded with y_32p_GTP by 
sequential treatment with EDTA and magnesium (Koyama and Kikuchi, 2001; Wang and 
ColiceHi, 2001). The total amount ofSRP that exchanged with exogenous GTP under 
these conditions was 6%, in agreement with the data presented in Figure 3.10. Free 
nucleotide was separated from bound nucleotide by repurification of SRP on CM 
Sepharose, SRP was incubated with >2-fold molar excess of ribosomes and GTP 
hydrolysis was monitored using TLC (Figure 3.17). As expected there was no measurable 
GTP hydrolysis when SRP was incubated alone. Moreover, the presence of ribosomes did 
not stimulate the GTPase activity of SRPA TM. Therefore I conclude that the ribosome 
exerts no influence upon the GTPase activity of GTP bound SRp. 

In addition to proposing that a ribosomal component acts as a SRP GAP, Bacher 
et al. measured a decreased affinity between SRP and guanine nucleotides in the presence 
of ribosomes, suggesting that a ribosomal component also behaves as a GRF (Bacher et 
al., 1999). However, ifthe ribosome is a GRF for SRP then some GTP would dissociate 
from SRP during the incubation with RNCs and become available for hydrolysis by the 
ribosome. Since I did not observe any GTP hydrolysis I conclude that the GTP remained 
tightly bound to SRP throughout the incubation with RNCs. 
3.3.6 Ribosome binding activity 

Chemical crosslinking experiments yielded a specific crosslink between SRP and 
a protein within the 60S ribosomal subunit, suggesting that there is a physical association 
between SRP and ribosomes (Fulga et aI., 2001). However, these experiments were 
perfonned in the context of SRalSRP dimers, which raises the possibility that I did not 
detect an influence of the ribosome on SRP because the ribosome was unable to bind 
SRP in the absence ofSRa.. To test this possibility SRP binding to 80S ribosomes and 
RNCs was assessed by sedimentation in sucrose density gradients. SRP.A TM or 
SRPC71DA TM was incubated with purified 80S ribosomes or RNCs and ribosome-bound 
SRP was separated from unbound SRP by centrifugation on a 10-40% sucrose gradient. 
Fractions were collected and analysed by Western blotting with an antibody against SRP 
(Figure 3.18). Both SRP'&TM and SRPC710ATM formed a stable complex with both 
untranslating ribosomes and RNCs, as revealed by their comigration in sucrose (Figure 
3.18.B-E). Prolactin, which is not expected to interact with ribosomes, remained at the 
top of the gradient (Figure 3.1S.F). This data demonstrated that although the ribosome 
was unable to stimulate the SRP GTPase, a stable interaction between the two could still 
occur. It should be noted that SRP was present in a 12.5-fold molar excess over 
ribosomes in these experiments, so it is not possible to estimate the percentage of SRP 
that was able to bind to ribosomes from this figure. When this experiment was repeated 
using equimolar amounts of SRP'& TM and ribosomes, 22% of the SRf3 was recovered in 
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Figure 3.17: The effed of 80S ribosomes on SRJ} GTPase activity. SRI3,1 TM was 
loaded with exogenous GTP including 1 % y_32p_GTP by incubation with EDTA followed 
by addition ofMg2+. >2-fold molar excess of 80S ribosomes was added to one sample. 
Samples were incubated at 37°C, aliquots were removed at the indicated time points and 
resolved by TLC to assess the extent of GTP hydrolysis. The results from PhosporImager 
exposure of the TLC plate are shown. In each case less than 0.05% of the GTP was 
hydrolysed. 
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Figure 3.18: Binding of SRPATM and SRPC7WATM to ribosomes. SRPATM (Panels 
A-C), SRPC7IDATM (Panels D-E) or prolactin (Panel F) were incubated with ER-derived 
80S ribosomes (Panels B, D. F) or RNCs (Panels C, E). Ribosome-bound material was 
separated from unbound material by sucrose density gradient centrifugation. Samples 
were collected and analysed by Western blot with an anti-SR{3 antibody (Panels A-E) or 
an anti prolactin antibody (Panel F). Panels are as follows: A: SR{3A TM in the absence of 
ribosomes (negative control); B: SR{3ATM plus 80S ribosomes; C: SRPATM plus RNCs; 
D: SR{3C71DATM plus 80S ribosomes; E: SR{3C71DATM plus RNCs; F: prolactin plus 80S 
ribosomes (negative control); G: ribosomal RNA from 80S ribosomes was analysed on a 
11 % polyacrylamide gel and stained with ethidium bromide; H: Radiolabelled nascent 
chains incorporated into RNCs were visualized by autoradiography. The order of the 
lanes from left to right represent the top to the bottom of the gradient. 

94 



Ph.D. Thesis - K. R. legate McMaster: Biochemistry 

c 

D 

•• 
E 

F 

95 



Ph.D. Thesis - K.R. Legate McMaster: Biochemistry 

the ribosome-containing fractions. Although it is not possible to estimate the amount of 
SR~ that can initially form a complex with ribosomes, the fact that 22% of SR~ remained 
bound to ribosomes throughout a 16 hour centrifugation step provided evidence for a 
stable interaction between ribosomes and SR~. 

Since SR~ bound ribosomes in the absence of SRa., crosslinking experiments 
were performed to determine whether a crosslink similar to that reported previously for 
SRa.-SR~ complexes (Fulga et al., 2001) between SRP and ribosomal proteins. SRP.6. TM 
and ribosomes were incubated in the presence of 20 IlM bis-maleimidohexane (BMH), 
the same homobifunctional cysteine crossHnker used previously to detect a crosslink 
between SR(3 and a 21 kDa ribosomal protein (Fulga et at, 2001) (Figure 3.19). In the 
absence of ribosomes, discrete crosslinking products representing crosslinks between 
SR(3 molecules were apparent (lane 1). The addition of ribosomes diminished the inter
SRJ) crosslinking products but no additional crosslinking products were observed (lane 
3). Since Fulga et al. observed a crosslink in the presence of GDP but not in the presence 
of GTP SRJ) was treated with EDT A in the presence of 20 mM GDP, and then Mg2+ was 
added to "lock" the bound nucleotide in place in an attempt to generate SRf3-GDP. No 
additional crosslinking products were apparent in the presence of GDP (lane 2). There are 
two possible interpretations of this data: 1. nucleotide exchange in the presence of EDT A 
was inefficient; since only 6% of SRf3 was capable of exchanging bound GTP for y_32p_ 
GTP, this likely also represents the maximum efficiency for exchange with GDP, 
although this was not formally tested. Also, the previously reported crosslink between 
SRf3 and the ribosomal protein represented a minor proportion of the total SRf3 in the 
reaction (Fulga et al., 2001). Therefore the combination of inefficient nucleotide 
exchange with a low degree of crosslinking could result in a crosslink product that is 
below the detection limit for Western blotting; 2. The nature of the SRp-ribosome 
interaction differs from the SRwSRf3-ribosome interaction in such a way as to negate the 
possibility of crosslinking with BMH. 
3.4 Discussion 

Although SRf3 was first identified in 1986 (Tajima et al., 1986), the enzymatic 
properties of SRf3 have remained relatively unexplored. The only kinetic parameters 
reported for SRf3 are the binding-specificity for guanine nucleotides and values for GTP
binding affinity of dissociation (KJ constants, ranging from 20 nM to 1 ~M (Young et 
al., 1995; Bacher et al., 1999). Previous studies used SRa.- or SRX2-bound SRf3, and it is 
not clear whether or not heterodimerization influences the characteristics of SRp. To 
examine the properties of the isolated SR(3 GTPase, I expressed SR~~TM and 
SRf3C7lD~TM in E. coli. The transmembrane domain was deleted in both SRP molecules 
to increase both the solubility and the yield in the" expression system. The deleted region 
is not believed to contribute to the activity of SRP, since SR(3.6. TM rescued translocation 
function in vivo in yeast containing two disrupted SRP alleles (Ogg et al., 1998). 

Recombinant SR(3 bound exogenous GTP with a Kd of approximately 2 ~M, a 
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Figure 3.19: CrossUnking of SRP~TM in the presence of 80S ribosomes. 15 pmol 
SRPATM (lane 1) was incubated with an equal molar concentration of 80S ribosomes 
(lanes 2 and 3) in the presence of the homobif1.ll1ctional cysteine crosslinker bis
maleimidohexane. Lane 2 contains SRP "loaded" with GDP, by treatment with 
EDTAlMg 2+ in the presence of20 mM GDP. Reactions were analysed by SDS-PAGE 
followed by imm1.ll1oblotting with an anti-SRp antibody. Discrete crossHnks between SRP 
molecules are indicated, and a cross-reacting ribosomal protein is denoted by an asterisk. 
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value similar to that obtained for detergent solubilized SR (Miller et aI., 1995), but much 
higher than the Kd obtained for SRa-SRf3 dimers reconstituted into lipid vesicles (Bacher 
et aI., 1999). It must be noted that for an of these reports the Kd measurement is relevant 
only to SR(3 that was able to bind solution GTP during the assay. In our experiments less 
than 10% of the SRf3~ TM added to the reaction bound to added GTP (Figure 3.11). The 
affinity for GTP of the larger population (~70%) of SRf3 that purified bound to GTP is 
unknown but it is presumably much higher than 2 JlM since there was no appreciable 
exchange with solution GTP during an eight hour incubation (Figure 3.11). Furthermore, 
bound GTP was removed during purification of the protein extremely slowly or not at an, 
despite the absence of solution GTP in the purification buffers. The maximum amount of 
exchange measured by the filter binding assay (6%) was the same whether SRf3 was 
incubated for long time periods in excess GTP or whether EDTA was added to accelerate 
nucleotide exchange. For other GTPases time based exchange does not necessarily result 
in quantitative exchange (Kahn and Gilman, 1986). However, treatment with EDTAlMg2+ 
resulted in quantitative exchange of bound nucleotide with exogenous nucleotide 
(Koyama and Kikuchi, 2001; Wang and Colicelli, 2001). 

Previous attempts to measure the Ka ofSRf3 (Miller et aI., 1995) did not account 
for the possibility that much of the SRf3 used in the assay may not be able to accept 
exogenous GTP. It is likely that these early Ka measurements reflected the affinity of the 
same small population of SRf3 that can bind to (or exchange bound nucleotide with) 
exogenous GTP, and did not reflect the affinity of the majority ofSR13 in the assay. It is 
perhaps significant that 2-3% of SR13 purified from E. coli was bound to GDP. My 
estimates of the fraction ofSR13 that bound GTP, 3-6%, are similar enough to 2-3% that I 
speculate that the GDP bound form of SRf3 is what is responsible for the binding activity 
that I measured. Bacher et aI., by incorporating purified SR into proteoliposomes, 
measured a Ka in close agreement with other Ras-type GTPases (Bacher et aI., 1999). It is 
possible that lipid binding by SR13 led to a conformational change that permitted 
exchange of tightly bound GTP with exogenous GTP. 

The cysteine mutation introduced into SR13 occurs at a position within the G 1 
GTPase consensus sequence that is highly conserved among family members of Ras-type 
GTPases (Tables 3.1 and 3.2, mutation site shown in bold), Most Ras homologues 
contain a glycine at this position that is required for GTPase activity. Mutation ofws 
amino acid in Ras from glycine to any other amino acid except proline leads to cellular 
transformation of rat fibroblasts, consistent with the loss of GTPase activity in these 
mutants (Seeburg et aI., 1984). Mutation of this residue to Asp or V allocked Ras into the 
GTP-bound form in vivo and induced maturation of Xenopus oocytes (Trabey and 
McCormick, 1987). Likewise, mutation of EF-Tu at this position abolished GTPase 
activity in vitro (Jacquet and Parmeggiani, 1988). Structural analysis of Ras in a complex 
with Ras-GAP revealed that glycine is the only residue that can be accomodated at this 
position to prevent sterie hindrance of both a key catalytic residue contributed by the 
GAP, and a glutamine that coordinates the attacking water molecule. Thus, structural data 
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explains why mutants of Ras at this position demonstrate no GTPase activity (Scheffzek 
et aI., 1997). 

Arf-I and other Art-like GTPases contain an aspartic acid at this position. 
Mutants at this position in S. cerevisiae Arf-llose the ability to bind GTP, and display a 
recessive loss of function phenotype (Kahn et aI., 1995). The crystal structure of Art6 
bound to GTPyS revealed that this aspartic acid hydrogen bonds to residues within the 
switch 2 region and the 01.3 helix, and may explain why mutations at this site demonstrate 
a decreased affinity for GTP (pasqualato et aI., 2001). In contrast to Arf-like GTPases, 
yeast SRI3 contains a glutamine in this position that protrudes into the active site, crowds 
the catalytic water molecule and hydrogen bonds with the y-phosphate of GTP (Schwartz 
and Blobel, 2003) (Figure 2.18 and Figure 3.20.A). Although mammalian SRI3 differs 
from yeast SRI3 by containing a cysteine at this position, molecular modelling using the 
yeast structure as a starting point suggests that the cysteine may also be oriented so as to 
crowd the active site, which would explain the lack of intrinsic GTPase activity observed 
with this protein. It is tempting to blame the aspartic acid for the observation that Art 
GTPases are also catalytically inert in vitro (Kahn and Gilman, 1986; Weiss et ai., 1989), 
but analysis of the available structural data revealed that the aspartic acid does not 
protrude into the active site. Rather, the side chain is oriented away from the bound 
nucleotide in both Art and Sar crystal structures (Figure 2.18). Yeast SRI3 appears to be 
unique in the positioning of this side chain into the active site. The mechanism by which 
this steric crowding is relieved to allow GTP hydrolysis to proceed may reveal a GAP 
mechanism that has not been observed for other GTPase-GAP pairs. 

The identity of the amino acid at this position in SRI3 is somewhat less conserved 
than other GTPases, suggesting that the identity of the side chain at this position may be 
less important than its ability to crowd the active site (Table 3.2). To test this hypothesis I 
constructed SRI3C71o.t1. TM, which replaced a bulky side chain with a hydrogen atom. 
SRI3C71o.t1. TM immunoprecipitated SRa. to the same extent as SRP.6.. TM following 
depletion ofnucleotides (Figure 3.1), suggesting that mutation of this amino acid did not 
decrease the affinity of SRI3 for GTP. The properties of the SRI3 GTPase in the absence 
of a bulky side chain at this position could not be tested because His6-tagged 
SRl3c7108 TM expressed poorly in E. coli and could not be purified with Ni-NTA agarose. 

SRI3 exhibits greater sequence homology to ArfGTPases than it does to Ras 
(Miller et at, 1995). In an attempt to convert SRI3 into an Art-type GTPase the eys was 
mutated to Asp and the properties of the mutant were compared to those of the wild type 
GTPase. However, modelling of an aspartic acid at this position into the yeast SRP 
structure revealed that the aspartic acid, like the glutamine in yeast, may orient into the 
active site (Figure 3.20). SR13C71odTM appeared to bind GTP with faster kinetics than 
SR138 TM, suggesting that the conformation of the protein had changed such that GTP 
had easier access to the binding pocket. The glutamine at this position in yeast SRI3 
contributes to the binding pocket by hydrogen bonding the y-phosphate of GTP (Schwartz 
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Figure 3.20: Cysteine and aspartic acid m.odelled into the yeast SR(3 active site. AU 
models were created by substitution of glutamine with cysteine or aspartic acid at the 
appropriate position by the mutation function in Swiss PDB viewer 
(http://ca.expasy.orglspdbvl). Distance approximations were also calculated using this 
program. GTP is shown in red, the catalytic histidine is shown in green, a-carbon 
backbone is shown in grey, the coordinating magnesium is shown as a blue sphere 
representing the van der Waals radius, the catalytic water is shown as a red sphere 
representing the van der Waals radius and the mutated amino acid is displayed in blue. A: 

" The 'wild-type' structure of yeast SR~. The glutamine is positioned 2.6 A from the water 
" and 3.22 A from the y-phos.\?hate. B: Cysteine modelled into the SRP active site. The 

cysteine is positioned 2.66 A from the water and 3.46 A from the y-phosphate. C: 
Aspartic acid modelled into the SR(3 active site. The Asp is positioned 2.6 A from the 
water and 2.48 A from the y-phosphate. D: The active site of Arf-1 bound to GTPyS is 
shown for comparison. 
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and BIobel, 2003). This residue may contribute to the stability of the protein since at 
24°C the mutant protein exhibits a gradual loss of nucleotide binding. (Figures 3.9 and 
3.11). 

I was unable to distinguish a difference in nucleotide affinity between SR~~ TM 
and SR~c7loL\ TM for the small fraction of protein that bound exogenous nucleotide. The 
C71 D mutation also does not appear to disrupt binding of SR~~ TM to SRa. since 
coimmunoprecipitation of SRa. with SR~c7loL\ TM was identical to 
coimmunoprecipitation of SRa with SR(3A TM (Figure 3.1). I was unable to detect 
GTPase activity arising from SR~C7lD~TM (Figure 3.16) but since I could detect no 
GTPase activity from wild-type SR(3~ TM the role of the cysteine in catalysis remains 
uncertain. Both cysteine and aspartic acid could be modelled into the active site of the 
yeast structure, suggesting they may maintain the enzyme in a catalytically inert 
conformation (Figure 3.20). 

The use of fluorescence to study GTP binding to SR(3~ TM revealed what appears 
to be a two-step process (Figure 3.9). The first step is rapid and was detected by 
monitoring energy transfer between Tyr (and Phe) residues within SR(3 and amant 
fluorophore incorporated into GTP. The second step is slower and is detected by 
monitoring energy transfer between a Trp residue located at the carboxyl-terminus of SR~ 
and the mant fluorophore (Figure 3.21). This second step occurred on the same time scale 
as GTP binding monitored by a nitrocellulose filter binding assay, a technique that 
captures tightly bound protein-nucleotide complexes (Figure 3.11). 

Taken together these results suggest that the first step involves GTP bound to SR(3 
in a loose conformation. Tne filter binding assay did not detect these complexes as 
loosely-bound GTP was washed away. These complexes are detected by energy transfer 
between SR(3 and mant-GTP. The time scale of the loose-binding interaction is similar to 
GTP binding by other Ras-type GTPases assayed in their GDP-bound state (Kahn and 
Gilman, 1986; Barlowe et al., 1993). The second step represents a tight-binding 
conformation, detected by both filter binding and energy transfer between Trp and mant
GTP. My data suggest that in wild-type SR(3ATM the carboxyl terminus ofSR(3 reorients 
such that energy transfer occurs between Trp and mant. I propose that this conformational 
change stabilizes the tight-binding GTP-SR(3~ TM complex. Comparison of the data in 
Figures 3.ll.B and 3.l1.C suggests that the increase in RET between the Trp and mant
GTP occurs subsequent to binding. The simplest explanation for the increase in RET 
between Trp and mant is that SR(3A TM undergoes a conformational change that moves 
the Trp closer to the GTP binding site. Consistent with a role for the carboxyl-terminus of 
SR(3 in stabilizing the structure of the protein the carboxyl-terminal six amino acids 
(including the one Trp in SR(3) contributed to a protease-resistant core fragment ofSR(3 
(Figure 2.3). 

SR(3C7lD~ TM exhibited tight binding of GTP but did not undergo the 
conformational change that stabilizes the complex. Because the rate of GTP binding was 
the same whether it was measured by RET or filter binding this mutant bypassed the 
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Figu:re 3.21: Position of the tryptophan within SRIl :relative to mant-GTP. Two views 
of SRIl are shown. In both images the a-carbon backbone is displayed in green with the 
exception of the carboxyl-terminal a-helix, which is shown in black. The top image 
orients the carboxyl-terminal helix into the page, while the bottom image orients the helix 
into the page at an angle -45°. The position of the histidine side chain is shown in red, 
extending from the carboxyl-terminal helix. GTP is shown as a space-filling model. 
Either of the ribose oxygens, shown in blue, are the attachment points for the mant 
fluorophore, as indicated. GTP binds SRIl such that the man! group is oriented into the 
solvent. The amino (N) and carboxyl (C) termini of SRI3 are indicated. 
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loose-binding conformation observed with the wild type GTPase. It may be that access to 
the GTP binding site is altered in SRPC7iDA TM in such a way that cannot be predicted by 
modelling Asp into the GTP binding site (Figure 3.20). The carboxyl-terminus of the 
yeast SRP homologue forms an a-helix that is almost certainly conserved in mammalian 
SRP since it appears in aU crystal structures of related GTPases (pai et aI., 1989; 
Goldberg, 1998; Huang et aI., 2001; Schwartz and Blobel, 2003). Since the tight-binding 
conformation was detected in the wild type GTPase by an increase in RET between mant
GTP and a carboxyl-terminal Trp residue, it is possible that the presence of a His6 tag on 
the carboxyl-terminus of SRJ)cnoLl TM could influence the behaviour of the carboxyl
terminus and provide a source of error within the experiments. However, this is unlikely 
for two reasons. First, histidine favours an a-helical conformation (Levitt, 1978) that 
would extend the carboxyl-terminal a-helix by approximately 1.7 turns. Second, the 
length of this a-helix is variable among Arf-type GTPases, ranging from 3 turns in SRJ) 
to 4 turns in Arf-I (compare black helices in Figure 2.16.B and 3.22.A). Due to the 
variability in helix length and the likelihood that the addition of histidine residues would 
not disrupt the structure of the carboxyl-terminus it is unlikely that a His6 tag in this 
position affects the biology of SRJ)c7IoLl TM. 

The bulk (-70%) of both SRJ)ATM and SRj3c7IDATM are bound to GTP. In 
contrast, other Ras-type GTPases have ail been purified in the GDP-bound state (Poe et 
aI., 1985; Weiss et aI., 1989; Barlowe et at, 1993). EvenARF-l purified GDP-bound, yet 
it exhibited no measurable GTPase activity in vitro (Kahn and Gilman, 1986; Weiss et aI., 
1989). Ran purified bound to both GTP and GDP, reflecting the equilibrium between the 
two populations within the cell (Floer and Biobel, 1996). Thus, SRJ) is the only Ras-type 
GTPase confirmed to purifY predominantly in the GTP-bound state. 

The finding that SRJ) binds GTP by default while other Ras-type GTPases bind 
GDP by default makes some biological sense. GTP-bound SRP bound to SRa more 
tightly than when SRJ) was loaded with other nucleotides (Figure 2.15; Schwartz and 
Blobel, 2003). Since SRJ) is required to anchor SRa to the ER membrane, and SRa: was 
found exclusively in the membrane fraction (Ogg et al., 1998), unlike other Ras-like 
GTPases it makes sense for SRJ) to favour the GTP-bound state. 

It was reported that ribosomes both stimulated the SR~ GTPase and decreased the 
affinity of SRP for nucleotides (Bacher et aI., 1999). Furthermore, an interaction between 
SRJ) and a 21 kDa ribosomal protein was detected, which may provide the basis for the 
effect of the ribosome on nucleotide binding by SRJ) (Fulga et al., 2001). However, in the 
absence of SRa:, I was unable to detect an influence of ribosomes or ribosomal subunits 
on the SRJ) GTPase. Because SRJ) bound to ribosomes in the absence of SRa these 
results suggest that SRa changes the quality of the interaction between the ribosome and 
SRJ), either by regulating the structure of SRP to facilitate GTP hydrolysis or by directly 
contributing residues that are required for GTP hydrolysis. This suggests an additional 
role for SRa in translocation as an 'effector' ofSR~. Indeed, SRX was shown to bind the 
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Figure 3.22: X~ray structures of Arfl and Sad. Backbone carbon traces of Arfl (A) 
and SarI (B) in the GTP (GMPPNP)-bound and GDP-bound states. Two orientations are 
shown to illustrate the position ofthe carboxyl-terminal alpha helix (coloured black) 
relative to the rest of the structure. Bound nucleotide is shown as a space filling model. 
The tail-like structure at the carboxyl-terminus of Arfl is a result of additional amino 
adds present in crystalized Arfi-GMPPNP. and is not evidence of carboxyl-terminal 
remodelling. PDB accession numbers for Arfl-GDP and SarI-GDP are IHUR and IF6B, 
respectively. 
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switch 1 region of SR(3, located between the Gland G2 GTPase consensus sequences 
(Schwartz and BIobel, 2003)(Figures 2.16 and 2.17). The switch 1 region is the usual 
binding location for GTPase effector proteins (Vetter and Wittinghofer, 2001; Herrmann, 
2003). 

In a previous study an increase in GTPase activity of SR(3 during incubation of 
SRa-SR(3 complexes with ribosomes was reported, but not quantified (Bacher et al., 
1999). The reasons for this may be twofold: first, although the authors claimed to control 
for residual GTPase activity arising from ribosomes it cannot be ruled out that the 
observed GTP hydrolysis did not arise from ribosomes. Second, my analysis of the 
published data suggests that the GTP hydrolysis rate that can be attributed to SR(3 is 
consistent with a one-to-one, non-catalytic interaction between ribosomes and SR(3 
(Bacher et al., 1999; see Appendix 1). The notion that the ribosome and SR(3 do not cycle 
catalytically was supported by the discovery that the ribosome-SR(3 interaction is stable 
enough to be maintained throughout centrifugation through a sucrose gradient for 16 
hours (Figure 3.18). The experiments conducted by Bacher et a1. employ purified SR 
reconstituted into lipid vesicles. These experiments must be extended to include 
proteoliposomes containing reconstituted Sec61 complex as well as SR to establish 
whether the Sec61 complex is sufficient to trigger multiple turnover events between SRfj 
and ribosomes. 

Data presented in this thesis has demonstrated that SRa forms a tight physical 
association with SRfj, and this interaction is nucleotide-dependent and requires the intact 
GTPase domain of SRfj. These characteristics are consistent with SRa assuming the role 
of a SR(3 effector molecule, a prediction consistent with the observation that yeast SRX 
binds to SRI} mainly through the switch I region (Schwartz and Biobel, 2003). My finding 
that the ribosome did not stimulate the GTPase activity of isolated SR(3, together with 
previous data demonstrating GTPase activity of SRj3 only in the context of a SRa-SR(3-
ribosome complex (Bacher et al., 1999), leads me to speculate that SRa may regulate the 
GTPase activity ofSR(3. According to the crystal structure of the SRX-SRI} complex it is 
unlikely that SRa directly influences the mechanism of GTP hydrolysis by contributing 
residues to the active site{see Figure 2.16). A more likely possibility is that SRa promotes 
structuraj changes within SR(3 to permit a functional interaction with the GAP, similar to 
the Ran-RanBPl interaction (Seewald et al .• 2002), or influences the orientation of key 
residues in the active site to facilitate GTP hydrolysis. The glutamine located proximal to 
the r-phosphate of bound GTP crowds the catalytic water molecule, but this glutamine 
also hydrogen bonds to a serine within SRX (Schwartz and Biobel. 2003). Therefore it is 
possible that binding to SRX orients this glutamine residue into the active site. A detailed 
structural comparison between the published SRX-SR(3 structure and SRI} alone, and 
kinetics experiments performed in parallel using both SRX-SRJ3 and SRI} will be 
necessary to assess the extent to which binding of SRa regulates SRfj function. 
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4. DISCUSSION 

The process of SRP-mediated protein translocation is evolutionarily conserved. 
The key protein components (SRP, SRP receptor, and the translocon) are aU functionally 
conserved and a growing body of work suggests that the GTPase-regulated mechanism 
governing the targeting and nascent-chain transfer steps is also conserved. One striking 
difference between the SRP pathways of E. coli and e;ukaryotes is the inclusion of a third 
GTPase, SRf3, in the eukaryotic system. Although the role of SRf3 in anchoring SRa to 
the ER membrane has been established for some time, the regulatory event controlled by 
the SRf3 GTPase domain has remained mysterious. The recent discoveries that the 
ribosome can stimulate the GTPase activity of SRf3 (Bacher et al., 1999) and that SRf3 
interacts directly with a ribosomal protein (Fulga et al., 2001) provide evidence that the 
regulatory event controlled by SRf3 occurs following the initial targeting step, and is 
catalyzed by the ribosome itself. Data presented in this thesis suggest that the function of 
the SRf3 GTPase is to dynamically control the interaction between SRa and the 
membrane; a notion that is further substantiated by gel filtration experiments employing 
yeast SRX and SRf3, and by the nature of the interface between SRX and SRf3 deduced 
from the crystal data (Schwartz and Blobel, 2003). Furthermore SRf3 displays properties 
that are not shared with other members of the Ras GTPase superfamily. Taken together 
these data allow the proposal of a new model of protein translocation in which SRf3 plays 
a larger role than previously appreciated. 
4.1 Functional consequences of SRa~SRp dimer regulation 

The crystal structure of yeast SRXlSRf3 illustrates the binding face between these 
proteins (Figure 2.16) (Schwartz and Blobel, 2003). SRX binds to SRf3 primarily through 
the switch 1 region of SRf3, consistent with GTPase effector proteins (Herrmann, 2003). 
GTP-binding by other GTPases causes significant reorganization of the switch I region, 
allowing for recognition by the effector. Hydrolysis of GTP to GDP reorganizes the 
switch I region to render it incompatible with effector binding (Herrmann, 2003 see also 
Figure 3.22). Thus, by analogy with other GTPase-effector pairs, it is predicted that the 
interaction ofSRX with SRf3 is favoured when SRf3 is bound to GTP, and is disrupted 
when SRf3 is bound to GDP. Biochemical data is consistent with this notion (Figure 2.15 
and (Schwartz and Blobel, 2003», but the effect is more striking in vitro when SRf3 is 
forced to adopt the empty state (Figures 2.14 and 2.15). 

I have predicted that release of nucleotide from SRf3 dissociates the heterodimeric 
SR on the endoplasmic reticulum membrane, thereby regulating the interaction between 
SRa and the ER membrane (Legate et at. 2000; Legate and Andrews, 2001). This implies 
that there is a dynamic interaction between the SR and the membrane. There is a 
precedent for regulated binding of membranes by SR. In E. coli, SR is comprised of a 
single protein, Fts Y, that is found in both the cytoplasm and on the plasma membrane in 
approximately equal amounts (Luirink et al., 1994). Membrane binding by Fts Y is due in 
part to a direct interaction with phosphatidylethanolamine (PE) (Millman et at, 2001). 
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However, there is also evidence that FtsY membrane binding is regulated. First, since 
lipids are in a large molar excess over FtsY, non-regulated binding to lipids is not 
compatible with the observed distribution of Fts Y between membrane bound and soluble 
pools. Second, a fraction of Fts Y was specifically cleaved upon binding to the cell 
membrane, thereby limiting the total amount of Fts Y bound to the membrane (Millman 
and Andrews, 1999). Finany. evidence was presented that suggested the existence of a 
membrane bound Fts Y receptor (Millman et at, 2001). By using a strain of E. coli 
deficient in PE biosynthesis, it was discovered that Fts Y could bind vesicles derived from 
these cells, but binding was lost if the vesicles were first treated with protease to digest 
membrane-bound proteins. In contrast, binding of Fis Y to vesicles from wild type E. coli 
(which contain PE) was not reduced significantly by pre-treatment ofllie vesicles with 
protease, demonstrating that either PE or a membrane-bound protein was sufficient to 
bind Fts Y to vesicles, but loss of both components could no longer support Fts Y binding. 
The identity of the putative membrane-bound receptor for FtsY has not yet been 
discovered. 

Mammalian ER membranes rendered translocation defective by proteolysis of 
Sec61a accumulated a post-targeting intermediate comprised of the ribosome-nascent 
chain (RNe) and SR (Song et al., 2000), demonstrating that SR provides a targeting site 
for RNes on the ER. The next required step is to transfer the RNe to the Sec61 complex. 
Taken together with the results presented here, a speculative yet plausible role for 
regulated dissociation of SR would be to release the ribosome-nascent chain-SRP-SRa 
complex from SRfj, allowing it to be transferred to the See61 complex. Once correet 
docking of the ribosome to the translocon has occurred, the signal peptide woUld be 
released into the translocon, triggering hydrolysis of GTP by SRP54 and SRa. Previously, 
this hydrolysis step was proposed to release SRP from SR for another round of targeting 
(Connolly and Gilmore, 1989). According to my model, presented in Figure 4.2, this step 
releases SRP from SRa, allowing SRP to return to the cytoplasm and SRa to rebind to 
SRfj. 
4.2 Comparison of existing models for GTPase regula.tion of translocation, and the 
proposal of a new model 

Two recent published models for the GTPase-controHed steps of protein 
translocation at the ER membrane have been presented (Figure 4.1). The model in Figure 
4.1.A was proposed by Dobberstein's lab, based on data demonstrating a crosslink 
between SRfj and a ribosomal protein and their contention that nascent chain delivery to 
the translocon is regulated by the GTP bound fonn of SRfj (Fulga et at, 2001). The 
model in Figure 4.l.B was proposed by Blobel's lab and is based on their interpretation of 
the crystal structure of yeast SRX-SRfj, their own biochemical data confinning my 
discovery that SRa-SRf3 dimer formation is favoured by the GTP-bound fonn of SRfj, 
and that dimer fonnation is significantly less efficient when SRfj is bound to GDP 
(Schwartz and Blobel, 2003). This model also incorporates recent data suggesting that the 
f3 subunit of the Sec61 complex may function as the SRf3-GRF (Helmers et at, 2003). My 
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Figure 4.1 Existing models for cotnmslational targeting to the ER membrane. A: 
The model proposed by B. Dobberstein's lab {Pulga 2001}, and B: the model proposed 
by G. Blobel's lab. {helmel's blobel}. Individual components are not drawn to scale. See 
the text for details. 
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Figure 4.2 A new model for cotnmslational targeting to the ER membrane. This 
model takes into account the results presented in this thesis as well as the data in the 
published literature. Individual components are not drawn to scale. See the text for 
details. 
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data can be reconciled with previously published data in a new model, which differs from 
previous models primarily by assigning a role for SRI3 as the membrane-bound 
contribution to the post-targeting intermediate (Figure 4.2). 

The initial steps in each of these models are the same. Translation of a nascent 
secretory protein begins in the cytoplasm (step 1). The nascent chain is scanned by SRP 
and upon encountering an appropriate signal sequence, SRP binds the signal sequence to 
form the ribosome-nascent chain-SRP ternary complex (step 2) (Ogg and Walter, 1995). 
SRP 9/14 then elicit a transient pause in translation (Siegel and Walter, 1986; Thomas et 
al., 1997). The affinity between SRP54 and GTP is increased and SRP54, previously 
favouring the empty state, now favours the GTP-bound state (Bacher et aI., 1996). 
Therefore, step two of Figures 4.1.A and 4.1.B shows SRP bound to GTP. However, 
subsequent study has shown that while SRP was capable of binding GTP at this stage, 
bound GTP remained exchangeable with free GTP until SRP bound to SRa (Rapiejko 
and Gilmore, 1997). The loose and reversible GTP-bound mode of SRP54 is 
distinguished with an asterisk in Figure 4.2. In aU models the RNC-SRP complex is then 
targeted to the ER membrane via an interaction between SRP54 and SRa (step 3 in 
Figure 4.1.A and Figure 4.2, step 5 in Figure 4.1.B). The binding of SRP54 to SRa 
increases the affinity of both molecules for GTP (Bacher et at, 1996). Bound GTP does 
not exchange with solution GTP at this stage; therefore both SRP54 and SRa have 
adopted a GTP-bound, 'active' conformation (Rapiejko and Gilmore, 1997). GTP
binding by both molecules markedly increases their affinity for each other, therefore 
rendering the targeting step irreversible (Connolly et aI., 1991). 

The first point of divergence within these models is the depiction of the resting 
state of SR. The model in Figure 4.1.A portrays SR comprised of empty SRa and GDP
bound SRI3. This configuration is unlikely for two reasons. First, recent data 
demonstrated that SRX-SRI3 complexes purified with SRI3 in the GTP-bound state 
(Schwartz and Blobel, 2003). Secondly, the recent discovery that SRa binds to SRI3 
through the effector binding region of SRP suggests that the SRa-SRp interaction would 
be governed by the same rules as for other GTPase-effector complexes; that is, effector 
molecules bind to GTP-bound GTPases, and not to GDP-bound GTPases (Bourne et aI., 
1990; Schwartz and Blobel, 2003). 

The model in Figure 4.1.B also shows SRP bound initially to GDP. In contrast to 
the model in Figure 4.LA, SRP is not bound to SRa at this stage. Following a guanine 
nucleotide exchange step that is predicted to be catalysed by Sec61 P (Helmers et aI., 
2003) (step 4) cytosoHc SRa binds to GTP-bound SRI3 on the ER membrane (step 4). 
This configuration is unlikely for two reasons. First, I have demonstrated that SRP 
purified bound to GTP in the absence ofSRa (Figure 3.7). Secondly, although the authors 
have drawn a parallel between SRa and the bacterial homologue FtsY, which is found 
both in the cytoplasm and bound to the membrane (Luirink et al., 1994), subcellular 
fractionation experiments in yeast detected SRa exclusively in the membrane-bound 
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fraction (Ogg et aI., 1998). Therefore, the possibility that eukaryotic SRa spends any 
significant time in the cytoplasm is not likely. 

The model in Figure 4.2 reflects the observations that 1. SRf3 purifies bound to 
GTP when it is in a complex with SRX (Schwartz and Blobel, 2003), and 2. fractionation 
experiments place SRa on the ER membrane unless membrane binding of SRf3 is also 
disrupted (Ogg et aI., 1998). Based on these data, the most likely configuration for resting 
SR consists of the assembled SR dimer with SRa in the empty state and SRf3 in the GTP
bound state. 

Although all of the models target the RNC to the membrane via an interaction 
between SRP54 and SRa, the involvement of SRf3 in the steps which follow differs 
significantly. The model in Figure 4.1.B does not explore the role ofSRf3 beyond a 
simple regulator of the interaction between SRa and the membrane. However, recent data 
suggests that the contribution of SRf3 extends beyond a simple regulator of SR dynamics. 

The model in Figure 4.1.A displays the ribosome in direct contact with SRf3 (step 
3), a configuration supported by crosslinking data demonstrating the physical proximity 
between a 21 kDa ribsomal protein and SRf3 in the context of the SR dimer (Fulga et al., .-
2001), and my own data illustrating the co-fractionation ofSRf3 and ribosomes on sucrose 
gradients (Figure 3.20). Furthermore, SRf3 is shown in its empty state, consistent with the 
decrease in affinity between SR13 and nucleotides observed in the presence of ribosomes 
(Bacher et aI., 1999). This observation led the authors to conclude that the ribosome 
behaves as a guanine nucleotide release factor (GRF) for SR13, though it must be noted 
that since the affinity for GDP was not reported it is not clear whether SR13 remains 
bound to GDP upon binding the ribosome. My own data, and data from others (H-elmers 
et al., 2003) do not support the contention that the ribosome functions as a SRf3-GRF; 
rather, Sec6113 appears to fulfil this role (Helmers et aI., 2003). Although nucleotide 
release from SR13 was inefficient in the presence of Sec6113, the decrease in SR13-
nucleotide affmity detected in the presence of ribosomes may serve to increase the 
efficiency of Sec61 13-mediated nucleotide release from SRf3. The model presented in 
Figure 4.1.A does not account for the decreased affinity between SR13 and SRa when 
SR13 is in the empty state (Figures 2.14 and 2.15) (Schwartz and Biobel, 2003). 

The model in Figure 4.2 displays a direct physical contact between the ribosome 
and SRf3, in support of the available data (Figure 3.18) (Fulga et aI., 2001). Additionally, 
it incorporates the fmding that the ribosome stimulates SRf3 GTPase activity (Bacher et 
al., 1999). Unlike Figure 4.1.A this model also incorporates the notion that SR dissociates 
when SR13 is in the GDP-bound state (Figures 2.14 and 2.15) (Schwartz and Biobel, 
2003). Since SRa likely dissociates from SR13 once SR(3 hydrolyses GTP, the RNC 
remains tethered to the ER via a physical interaction with SR13 (step 4). This 
configuration represents the post-targeting intermediate. 

Although both models depicting a physical association between the ribosome and 
SR13 show the interaction occurring concomitantly with SRP54-SRa binding, it is not 
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clear at what stage a ribosome-SRj3 complex is formed. A ribosome-SRj3 crosslink could 
be detected between ribosomes and purified SR reconstituted into protooliposomes, 
suggesting that Sec61 is not involved in the ribosome-SRj3 interaction (Fulga et al., 
2001). This is consistent with the discovery that under conditions whereby limiting 
amounts ofSec61 were all engaged with RNCs, RNCs continued to accumulate on the 
ER membrane in a SRa-dependent fashion, but binding to the membrane following the 
targeting step was both SRot-independent and Sec61-independent (Murphy, ill et aI., 
1997). In fact, SeOO1 may disrupt ribosome-SRp binding, as the crosslink between the 
ribosome and SRP was lost when crosslinking experiments were performed using 
proteoliposomes containing both SR and Sec61 (Fulga et at, 2001). In the absence of 
Sec61, binding between SRP and the ribosome is essentially irreversible, as revealed by 
the ability to resolve ribosome-SRp complexes on sucrose gradients. Therefore, the most 
likely candidate for retaining the RNC-SRP complex on the ER membrane as a post
targeting intermediate is SRj3. 

Several pieces of recently published data are consistent with a role for SRj3 in 
tethering post-targeting intermediates. Treatment ofER micro somes with protease 
concentrations that were sufficient to digest Sec61a effectively blocked SRP-mediated 
translocation of ribosome-nascent chains at the level of the post targeting intermediate 
(Song et aI., 2000) These protease conditions did not affect the integrity of SRP, although 
SRot was completely digested. Addition of exogenous SRa to facilitate targeting to these 
membranes resulted in the detection of post targeting intermediates only when the 
integrity of SR13 was unaffected. Furthermore, in vitro, ribosome-nascent chain 
complexes were shown to cofractionate with liposomes containing SR from which SRa 
had been proteolyticaIly removed (Bacher et aI., 1999). Taken together with the 
observation that SRot is dispensable once targeting has occurred (Murphy, ill et at, 
1997), these results implicate SRP as the membrane-bound anchor for post targeting 
intermediates. The model in Figure 4.1.A does not consider this possibility since the SR 
dimer is presented as a static structure. 

The steps leading to transfer of the RNC from SR to Sec61 are a further point of 
disagreement between the models. Figure 4.2 shows the post-targeting intermediate 
consisting of a RNC tethered to the ER via binding to SRP (step 4). Attachment of the 
RNC to the ER membrane via SRP may allow the ribosome to remain bound to the 
membrane until the arrivaI of an available translocon. In this model. Sec61 itself mediates 
the transfer of the RNe from a post-targeting intermediate to a pre-translocation 
intermediate (step 5), consistent with data demonstrating that proteolysis of Sec61 
abolished this step (Song et aI., 2000). Transfer of the ribosome to Sec61may be mediated 
by the high affinity interaction between the ribosome and Sec61 (Kalies et at, 1994). The 
proximity between Sec61 and SRP during the ribosome transfer step may allow for an 
interaction between Sec61p and SRP, catalysing the release ofODP from SRj3 (Helmers 
et aI., 2003). GTP binding to SRP may break the Sec61p-SRP interaction, consistent with 
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results obtained from other GRF-GTPase pairs (Boguski and McConnick, 1993). 
According to the model in Figure 4.1.A GTP-binding to SRj3 regulates the transfer 

of the RNC to Sec61. The authors reason that since they could detect a crosslink between 
a 21 kDa ribosomal protein and SRj3 in the absence of nucleotide or in the presence of 
GDP, but not in the presence ofGMPPNP, that binding of the ribosome to SRj3 did not 
occur in the presence of GTP (Fulga et aI., 2001). However, the failure to detect a 
crosslink is not proof that a physical interaction did not occur. Clearly, if the ribosome 
can directly influence the GTPase activity of SRj3, as these researchers had proposed 
previously (Bacher et ai., 1999), a physical interaction between the ribosome and SRj3-
GTP must occur. 

To further support their model the authors investigated SRj3 separately from the 
other two GTP-binding proteins by using a version of SRj3 that prefers XTP over GTP 
(SRj3D18lN) (Fulga et aI., 2001). They claim that their data supports a model whereby 
binding of GTP to SRj3 facilitates transfer of the nascent chain to the Sec61 complex. 
Their hypothesis is derived from the observation that insertion of a preprolactin nascent 
chain into the translocon (as monitored by crosslinking the nascent chain to either SRP54 
(not inserted) or Sec61a (inserted» occurred readily in the presence ofGTP or GMPPNP 
but was greatly diminished in the presence of excess XDP, conditions that favour 
SRj3Dl8lN'"XDP. However, SRa-SRj3 dimer fonnation was less efficient when SRj3 is 
bound to dinucleotide (Figure 2.15) (Schwartz and Biobel, 2003). Therefore, by using 
assay conditions that include a high concentration ofXDP, favouring the fonnation of 
SRj3D1mrXDP over SRj3D181N'"GTP, the authors create conditions that favour unstable SR 
dimers. Their observation that crosslinking between the nascent chain and Sec61 a is 
decreased in the presence ofXDP may result from reduced targeting ofRNCs to the 
membrane due to the inability to anchor SRa to the membrane in the presence ofXDP, 
and not due to a direct influence of SRj3 on the nascent chain transfer step. 

Although the authors did not detect transfer of the nascent chain to Sec61 a in the 
presence ofXDP, transfer was detected in the presence ofGMPPNP (Fulga et al., 2001). 
The implication of this result is that hydrolysis of GTP by SRj3 is not an absolute 
requirement for nascent chain transfer to Sec61 a. 

Although the model in Figure 4.2 proceeds by releasing SRa from SRj3 as a result 
of ribosome-catalysed GTP hydrolysis by SRj3, the discovery that GTP hydrolysis was not 
required for the insertion of all nascent chains into the Sec61 channel (Fulga et al., 2001) 
raises questions regarding the importance of SRI3-mediated GTP hydrolysis. It is not clear 
whether the hydrolysis step is optional for all substrates, or is only required for a subset of 
secretory proteins. Releasing the nascent chain from a direct connection with the 
membrane may allow for increased mobility of the nascent chain within the ribosome and 
allow the RNC the freedom to bind translocons of varying composition. Recent studies 
demonstrated that a translocon accessory complex caned the TRAP complex was required 
for efficient translocation of a subset of signal peptides (Fons et aI., 2003). Furthennore, 
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the involvement of another translocon accessory factor, TRAM, was required for the 
efficient translocation of certain substrates (Gorlich et al., 1992a; Gorlich and Rapoport, 
1993). The recruitment of accessory factors to the translocon to enable efficient 
translocation of specific substrates would increase the steric bulk of the translocon. It is 
conceivable that releasing SRa from SRJ3 allows the nascent chain to move further away 
from the point of membrane contact so it can align correctly with a translocon containing 
a large number of accessory factors. Preprolactin could be translocated by the minimal 
translocation machinery, consisting only ofSR and Sec61 (Gorlich and Rapoport, 1993), 
so transfer of this substrate to Sec61 in vitro may be efficient without a requirement for 
SRJ3-mediated GTP hydrolysis. 

Each model presented in Figures 4.1 and 4.2 concludes by returning SRP and SR 
to their starting configurations. Once the ribosome is correctly aligned with the Sec61 
channel the signal peptide is released from SRP and permitted to enter the translocon, and 
both SRP and SRa hydrolyse GTP and release from one another (Connolly et al., 1991). 
SRP is recycled to the cytoplasm and SRa returns to the empty state. Figure 4.1.A 
includes an uncharacterised GTP hydrolysis step to return SRJ3 to the GDP-bound state. 
SRJ3 also hydrolyses GTP to GDP in Figure 4.1.B; this conversion of GTP to GDP causes 
SRa to release from SRJ3 and return to the cytoplasm. In contrast, Figure 4.2 concludes 
with SRJ3 in the GTP-bound state, in a complex with empty SRa. This is the only 
configuration that is consistent with both crystal data (Schwartz and Blobel, 2003) and 
subcellular fractionation data with respect to the localization of SRa on the ER 
membrane (Ogg et aI., 1998). 
4.3 Future perspectives 

The recent publication of the crystal structure of the SRX-SRJ3 complex from 
yeast (Schwartz and Blobel, 2003), together with the model presented in Figure 4.2, 
allows for the formation of several testable hypotheses. However, considering the 
significant sequence dissimilarity between the yeast proteins and proteins from higher 
eukaryotes, particularly among the residues contributing to side chain interactions 
between SRX and SRJ3 (see Figure 2.17), the crystal structure of the mammalian 
homologues is still required to understand the nature of the interaction between SRa and 
SRJ3. 

From a structural perspective, there appear to be two binding interfaces on SRJ3 
for three protein-protein interactions including SRa, a 21 kDa ribosomal protein and 
Sec61J3. The published crystal structure reveals that SRa binds SRJ3 predominantly 
through the switch I region of SR[3 (Figure 2.16) (Schwartz and Biobel, 2003), making 
this region unavailable to bind to other proteins. Analysis of the interaction between Arf1 
and the ArfGRF Arno reveals that Arno binds Arf1 through the switch 1 and 2 regions 
(Mossessova et al., 1998). The crystal structure of Arf1 with the GRF Sec7 also reveals 
interactions with the switch regions of Arf1 (Goldberg, 1998). The model irA Figure 4.2 is 
presented such that Sec61 [3 binds SRJ3 after SRa is released from SRJ3. Ifthe interaction 
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between Sec61f3 and SRf3 is comparable to the interaction between Arfl and its GRFs, 
releasing SRa from SRf3 could expose the switch 1 region for a potential interaction with 
Sec61f3. In vitro immunoprecipitation experiments using radiolabelled Sec61f3 and SRf3 
in the presence and absence of SRa may be able to determine whether SRa and Sec61 f3 
bind the same region ofSRf3. 

SRf3 diverges significantly from other Ras-type GTPases by a 35 amino acid 
insertion that extends the a4 helix and contributes to a region of considerable flexibility 
(since it does not appear in the crystal structure) that could provide a binding surface for 
the ribosome (Figure 2.16). This region lies on the opposite side of SRf3 from the SRa
binding surface, so should be accessible to a binding partner as large as a ribosome. GAPs 
usually bind GTPases in part through the switch 2 region of the GTPase (Scheffzek et aI., 
1997; Goldberg, 1999), and this also may be accessible to the ribosome (see red sequence 
in Figure 2.16.B). One can envision proteins within the ribosome forming extensive 
contacts with the a4 helix and unstructured loop to enable a stable interaction for 
membrane-binding, as well as binding to the switch 2 region to enable GTP hydrolysis. 
Since extensive contacts between the ribosome and SRf3 are possible, systematic 
mutagenesis of the a4 helix and unstructured loop may not be sufficient to disrupt the 
interaction without introducing large scale changes that may have unpredictable effects on 
the structure ofSRf3. To determine whether this region ofSRf3 is required for binding the 
ribosome, it may be possible to conduct peptide inhibition studies using a peptide 
corresponding to the a4 helix and unstructured loop ofSRf3. A decrease in preprotein 
translocation, loss of ribosome-SRf3 crosslinking and sucrose density gradient 
centrifugation can aU be used to assay if a functional interaction between the ribosome 
and SRf3 is lost in the presence of a competing peptide. 

Unlike other GTPases, yeast SRf3 contains an active site residue that crowds the 
catalytic water molecule and forms a hydrogen bond with the r-phosphate of GTP 
(Schwartz and Blobel, 2003). Arffamily GTPases also contain a bulky side chain at this 
position, but it is oriented away from the active site (Figures 2.18 and 3.20.D). This 
implies that the GAP mechanism for SRf3 may be different from other GTPases, because 
the crowding at the active site must be relieved before GTP hydrolysis can proceed. To 
sort out the details of the GTPase mechanism the SRf3GAP must be identified. followed 
by a detailed structural analysis of the SRf3-GAP complex. These goals are still some 
years away, and identification of the SRf3GAP is not likely to be a trivial matter. 
Although there is little doubt that SRf3 contacts a 21 kDa ribosomal protein (Fulga et al., 
2001). there is no evidence that this protein is the SRf3GAP. Resolving the sequences to 
which this 21 kDa protein binds by using the deletion mutagenesis and peptide inhibition 
approaches outlined above win help to resolve its function. Should the binding surface 
map to the switch 2 region of SRf3, the hypothesis that the 21 kDa protein is the SRf3GAP 
win be strengthened. On the other hand, should the binding surface map distal to the 
GTP-binding site of SRf3, the possibility that the 21 kDa protein is the SRf3GAP will be 
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diminished. 
I did not detect GTP hydrolysis arising from SR~ in the presence of ribosomes. 

My results differ from previous results, which used SRo:-SR~ dimers to assay SR~ 
GTPase activity (Bacher et al., 1999). The difference between these two systems raises 
the possibility that binding of SRo: is required before SR~ can become catalytically 
active. Surprisingly, the glutamine residue that crowds the active site of yeast SR~ 
hydrogen bonds to the terminal phosphate of the bound GTP through the side chain 
amine, but it also hydrogen bonds to SRX through the side chain oxygen. Therefore it is 
quite possible that SRX forces the glutamine into the active site, thus preventing untimely 
GTP hydrolysis. The implication of this proposal is that purified yeast SR~ might have 
some minimal GTPase activity when SRX is not bound; this possibility has not been 
tested. 

Since the crystal structure of SRX-SRfj is incompatible with the existing GTPase 
mechanism it is difficult to propose a mechanism for SRfj-mediated GTP hydrolysis 
based on the mechanism of hydrolysis proposed for other Ras-type GTPases. GAP
catalysed GTP hydrolysis by Ras-type GTPases has been proposed to involve an arginine 
residue contributed in trans by the GAP, that stabilises the transition state by hydrogen 
bonding to the y-phosphate of the bound GTP (Mittal et al., 1996; Scheffzek et al., 1997). 
The presence of a glutamine residue in yeast SRI} at the approximate position where the 
GAP-contributed arginine would insert renders a homologous GAP-catalysed mechanism 
incompatible with the published SRX-SRj3 structure (Schwartz and Blobel, 
2003)(Schwartz and Blobel, 2003). Therefore, a compatible mechanism must be sought 
elsewhere. 

The GTPase mechanism for Go: subunits differs from the mechanism for Ras-type 
GTPases in that Go: subunits contribute an arginine in cis that hydrogen bonds the y
phosphate ofGTP and stabilises the transition state (Coleman et al., 1994; Sondek et al., 
1994). A contribution in cis of the transition state-stabilising residue is consistent with the 
SRX-SRI} structure. It is possible that the addition of a GAP to the SRX-SRI} complex 
could shift the position of the glutamine away from the catalytic water molecule, while 
allowing the hydrogen bond to the terminal phosphate to be maintained. This would allow 
the glutamine to stabilise the transition state. The crystal structure of yeast SRX-SRf3 win 
have to be compared to the SRX-SRf3-GAP complex to determine whether this proposed 
mechanism for GTP hydrolysis by SRf3 is correct. There are no crystal structures yet for 
Arf-famHy members bound to effectors so it is not known whether the binding of effector 
proteins reorients the aspartic acid into the active site. As these structures are solved a 
new general mechanism for GTP hydrolysis may be revealed for Ras-type GTPases that 
catalyse hydrolysis most efficiently when both effectors and GAPs are allowed to bind 
simultaneously (ie. Arf and SR(3). 

The mechanism of GTP hydrolysis for yeast SRP may differ from the mechanism 
for mammalian SRI}, since the active site glutamine is substituted by cysteine in 
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mammalian SRp. Unlike glutamine, cysteine is unable to form two hydrogen bonds, so it 
may either hydrogen bond with the terminal phosphate or with SRX2, but not both. 
Comparison of the structures of mammalian SRP, SR.X2-SRP and SRX2-SRp-GAP may 
allow the mechanism of GTP hydrolysis by mammalian SRP to be resolved. 

In vitro studies employing an XTP-preferring mutant of SRP, SRPDllllN' revealed 
that translocation of preprolactin did not require nucleotide hydrolysis by SRP (Fulga et 
aI., 2001). I have postulated that GTP hydrolysis by SRP may only be required for 
substrates that require translocon accessory factors for efficient translocation, though in 
vivo GTP hydrolysis is likely to occur independent of substrate requirements, unless the 
ribosome-SR interaction is influenced by the identity of the nascent chain. To address 
whether GTP hydrolysis is required for translocation of a subset of secretory/membrane 
proteins a yeast genetic system win likely yield the quickest answer. Based on similar 
mutations in other Ras-type GTPases (Gideon et al., 1992; Jonak: et al., 1994) mutation of 
the histidine within SRP that orients the catalytic water molecule (Figure 3.20.C) will 
create a catalytically dead SRP that should become incorporated into ER membranes. 
Transformation of a plasmid construct encoding the mutant SRP into a yeast strain with 
the capacity for regulated expression of endogenous SRP may allow for the enrichment of 
the mutant SRf3 in the ER membrane. Should the mutant SRP express and become 
integrated into the ER membrane, purification of membranes containing mutant SRf3 will 
provide a tool that can be used to assay the requirement for GTP hydrolysis by SRp. By 
performing translocation assays using substrates with varying requirements for translocon 
accessory factors the conditions under which SRf3-mediated GTP hydrolysis is required 
can be assessed. Purification of translocon components and reconstitution of defined 
components into proteoliposomes may address whether certain accessory factors create a 
requirement for GTP hydrolysis by SRp. 

A major direction for future studies win be to reconcile the model presented in 
Figure 4.2 with data obtained from E. coli. Most of the factors involved in co
translational protein translocation, and the basic mechanism ofttanslocation, appear to be 
evolutionarily conserved. The major difference between E. coli and eukaryotes lies in the 
fact that E. coli lack an obvious SRP homologue. There appears to be a protein receptor 
on the E. coli inner membrane that assists in anchoring the SRa. homologue, FtsY, to the 
membrane (Millman et al., 2001) but until it is identified and biochemically characterized 
it is not known whether this putative receptor regulates the binding of Fts Y to the 
membrane, or binds to ribosomes to serve the same function that I have predicted for 
SRf3. A biochemical approach is currently being taken to identify the protein receptor, but 
the techniques of bacterial genetics provide powerful tools that may yield a quicker 
identification. Previous genetic screens have identified aU known proteins in the E. coli 
SRP pathway, none of which fit the description of a Fts Y receptor (Tian et aI., 2000; Tian 
and Beckwith, 2002). However, it appears that such a receptor is dispensable as long as 
the membrane contains PE (Millman et al., 2001). Therefore a genetic screen in a PE
deficient strain of E. coli will be necessary to identify this protein using a genetic 
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approach. 
In the last decade, much progress has been made in elucidating the role of SRj3 in 

protein translocation. From being a GTP-binding protein of unknown function it has now 
become clear that SRj3 is the key to regulating membrane attachment of SRu, and 
evidence is starting to accumulate that SRj3 plays a major role in translocation by serving 
as the post-targeting ribosome receptor on the ER membrane. Developing structural 
explanations for functional observations will remain a major challenge for the future. 
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Based on data from Figure 5 published in Bacher et al. 1999 

In this experiment, the authors incubate proteoliposomes (40 nM SR~) with 0.5 IlM a-
32p_GTP and 8.4 OD2~ml RNCs (160 nM) for 40 minutes at 25°C. After 40 minutes the 
reaction is stopped and a-32P-GDP/GTP was determined by TLC. 

Assumptions: 

1. RNCs do not contribute to GTP hydrolysis, 

2. 100% of the SR~ is biologically active, 

3. 1 L reaction volume (true reaction volume is not reported, but molar concentrations of 
reagents are reported, so volume of reaction will not affect the calculations). 

The data in Figure 5 is presented as a bar graph with the Y-axis corresponding to % GTP 
hydrolysis. The column corresponding to SR~ -RNCs shows <1 % hydrolysis, the column 
corresponding to SR~ +RNCs shows -8% hydrolysis. 

Therefore, in alL reaction, the starting material contains 40 nrnoles ofSR~ and 0.5 
Ilmoles y-e2p]-GTP. . 

8% of the GTP is hydrolysed in 40 minutes, representing 0.04 Ilffioles, or 40 nrnoles. 

Therefore, there is a 1:1 relationship between SR~ and hydrolysed GTP, suggesting that 
the interaction between RNCs and SR~ is not catalytic (ie. multiple turnover does not 
occur). 
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Appendix 1: Calculation of SRI3 GTPase activity in the presence of ribosomes 

Based on data from Figure 5 published in Bacher et al. 1999 

In this experiment, the authors incubate proteoliposomes (40 nM SRI3) with 0.5 J.tM a-
3zp_GTP and 8.4 ODz60/ml RNCs (160 nM) for 40 minutes at 25°C. After 40 minutes the 
reaction is stopped and a-32P-GDP/GTP was determined by TLC. 

Assumptions: 

1. RNCs do not contribute to GTP hydrolysis, 

2. 100% of the SRI3 is biologically active, 

3. 1 L reaction volume (true reaction volume is not reported, but molar concentrations of 
reagents are reported, so volume of reaction will not affect the calculations). 

The data in Figure 5 is presented as a bar graph with the Y-axis corresponding to % GTP 
hydrolysis. The column corresponding to SRI3 -RNCs shows <1 % hydrolysis, the column 
corresponding to SRI3 +RNCs shows ~8% hydrolysis. 

Therefore, in alL reaction, the starting material contains 40 nmoles of SRI3 and 0.5 
J.tmoles y-ezp]-GTP. 

8% of the GTP is hydrolysed in 40 minutes, representing 0.04 !-lmoles, or 40 nmoles. 

Therefore, there is a 1: 1 relationship between SRI3 and hydrolysed GTP, suggesting that 
the interaction between RNCs and SRI3 is not catalytic (ie. multiple turnover does not 
occur). 
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